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ABSTRACT OF DISSERTATION

THE BIOMECHANICAL IMPACT OF WEIGHT ON THE LOWER EXTREMITY

Background: Obesity is a chronic disease characterized by a body mass index (BM1) of
≥ 30 kg/m2 which negatively impacts the musculoskeletal system and has been found to
be a major contributing factor to obesity-induced biomechanical alterations during
activities of daily living (ADLs). A certain level of mobility is required for all
populations to maintain independence and a good quality of life becomes more difficult
with excess weight. Using a reduced weight-bearing activity, such as the Alter Gravity
treadmill, would be beneficial in an obese population to reduce the load on the joints and
potentially decrease the risk of weight bearing injury while maintaining normal gait
mechanics. The purpose of this dissertation was to determine the biomechanical effects of
excess weight and weight distribution on ADLs. To address this, two different weight
gain models were created to simulate central (CL) and peripheral (PL) weight gain
compared to an obese group (OW), and normal weight group (UL) during different
activities of daily living (ADLs). The purpose of the third study was to compare lower
extremity joint kinematics and muscle activation patterns between obese and normal
individuals at different levels of body support (100, 75, and 50%) while walking in the
AlterG treadmill.
Methods: 14 normal weight (BMI: 22.4 ± 1.8 kg/m2, age: 23.4 ± 3.6 yrs) and 17 obese
(BMI: 33.2 ± 2.3 kg/m2, age: 31.6 ± 8.0 years) adults participated in different ADLs (gait
and descending a set of stairs). Normal weight participants were loaded with two
different external loads sufficient to increase their BMI by 5 kg/m2 (~22.6% body mass).
Kinematic and kinetic data were collected with 3D motion analysis. Frontal plane hip and
knee angles and moments were calculated.
Results: During gait, the obese group walked at a significantly slower velocity compared
to UL. Step length was 8.7% longer in UL and 7.4% longer in the CL compared to the
OW. PL more closely mirrored the OW group in step length, flexion moment and
extension moment and the CL more closely mirrored the obese group in sagittal plane
knee and hip excursion, and peak hip flexion moment and extension moment during gait
During the transition from descending stair walking to level gait, it was found that the
PL, but not CL, decreased step length, increased step width, and increased proportion of
the gait cycle spent in stance. During the transition from walking down the stairs to level

gait it was found that CL and PL affect temporal spatial variables differently. PL also
reduced peak hip adduction angle, increased peak hip flexion moment, decreased peak
hip extension, decreased sagittal plane hip excursion, and decreased frontal plane hip
excursion. Conversely, CL reduced peak hip flexion moment and trended to reduce peak
hip extension moment.
To determine the effects of reduced body mass per se on improved biomechanics, we
needed a model that would prevent associated changes in segmental volume. Therefore,
using an AlterG treadmill facilitated this method. At 100 % BW support, mean ST and
VM EMG activity were significantly higher in the obese compared to the normal weight
groups. There were also differences found at 75 % BW support in ST in the obese being
greater than the normal.
Conclusions: Combined, the overall results of this dissertation suggest that weight gain
is able to be modeled but is variable and task specific. The CL has proven to be the
weight gain model that which elicits a better biomechanical obese response when normal
weight individuals are loaded. Further work is needed to understand how to truly mimic
obesity with an external load.

KEYWORDS: (Obesity, weight gain, weight distribution, AlterG treadmill,
biomechanics, moments, stair descent)
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Chapter One-Introduction
Obesity, a chronic disease characterized by a body mass index (BM1) of ≥ 30
kg/m2, negatively impacts the musculoskeletal system by altering gait mechanics (Sturmer,
Gunther, & Brenner, 2000 2000). These modifications are thought to be due to the
increased amount of adipose tissue associated with an increased BMI. Previous published
reports have concluded that changes in gait mechanics can potentially lead to osteoarthritis
and physical disability (Anandacoomarasamy, Fransen, & March, 2009; Blakemore, Fink,
Lark, & Shultz, 2013; Browning, Modica, Kram, & Goswami, 2007; Lemieux,
Prud'homme, Bouchard, Tremblay, & Després, 1996; Reid, Lynn, Musselman, & Costigan,
2007; Sturmer et al., 2000; Visscher & Seidell, 2001; Wearing, Hennig, Byrne, Steele, &
Hills, 2006). Excess weight gain leads to obesity which contributes to cardiovascular,
metabolic and other health risks in both men and women (Chan & Woo, 2010). Obesity is
a known risk factor for type 2 diabetes (Colditz, Willett, Rotnitzky, & Manson, 1995 &
Manson, 1995), heart disease (Chan & Woo, 2010), hypertension (Chan & Woo, 2010),
joint replacement surgery (Harms, Larson, Sahmoun, & Beal, 2007), osteoarthritis
(Sturmer et al., 2000), and several forms of cancer (Visscher & Seidell, 2001).
There is a significant positive correlation between the level of obesity and
musculoskeletal disorders such as arthritis or rheumatism (Kortt & Baldry, 2002). The
Center for Disease Control has reported that in the United States, more than 31% of obese
adults reported a medical diagnosis of arthritis, versus only 16% of non-obese adults
(Ogden et al., 2006). Osteoarthritis (OA) is a joint disorder typically seen in elderly
individuals and now as a result of obesity in younger adults (Sturmer et al., 2000).
Osteoarthritis is usually seen in weight bearing joints as a result of the load associated with
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obesity (Sturmer et al., 2000). Messier et al., found that for each unit of weight lost there
was a 4-unit reduction in knee forces which suggests that weight loss may reduce the knee
forces decreasing the onset of OA (Buchanan, Lloyd, Manal, & Besier, 2005; Messier,
Gutekunst, Davis, & DeVita, 2005).
Mobility is defined as the ability to walk, ascend and descend stairs, and transfer
body weight while maintaining a moderate speed (Snijder et al., 2004). This ability is
crucial for the performance of activities of daily living. Decrements in mobility are one of
the major comorbidities threatening the health and well-being of obese populations
(Vincent, Vincent, & Lamb, 2010). A certain level of mobility is required for all
populations to maintain independence and a good quality of life (Snijder et al., 2004). The
sole purpose of walking is to transport the body safely and efficiently (Winter, 1995). Gait
is comprised of a set of complex body movements through dynamic interactions between
internal and external forces. During the stance phase of gait there are 3 basic tasks to be
accomplished: weight bearing, single limb support and limb advancement (Perry & Davids,
1992). Stance phase encompasses about 60% of the gait cycle and joint forces are
dramatically higher during this phase of stance, thus, it is crucially important to understand
how obesity affects this phase of gait.
Walking is the most popular form of prescribed exercise in special populations
including obese individuals (Browning & Kram, 2007). Level walking gait consists of a
continuous cycle of falling out of balance and regaining balance resulting in limb
advancement (Deforche et al., 2009). There are two basic requirements of effective gait; to
be able to support the body during movement, and to maintain balance to prevent falling
(Sparrow & Tirosh, 2005). Adequate balance is a requirement to avoid falling for many
2

functional activities such as over ground walking, sitting and standing from a chair, and
walking up and down stairs. However, obese individuals may be at a greater risk of falling
due to impaired balance which likely limits activities such as treadmill or over ground
walking. In an obese population, it is typical to see temporal modifications to gait. In 2008,
Lai and colleagues, documented that obese adults typically walk with a shorter step length
and an increased step width than their healthy weight counterparts, which caused a slower
self-selected walking speed (Lai, Leung, Li, & Zhang, 2008). Browning et al. (2007), also
concluded that obese adults walked at a slower self-selected speed (Browning & Kram,
2007; Browning et al., 2007). These adaptations are modifications to help increase double
support time which directly improve balance. Browning et al. (2007), postulated that
slower walking speeds may also potentially decrease ground reaction forces and knee
moments when walking (Browning et al., 2007).
Another common activity of daily living is walking up and down stairs. Stair
walking is a more demanding task than level walking in an obese population. Normal
weight healthy individuals generally use a step-over-step (SOS) technique to ascend and
descend stairs. In an obese population, alternative patterns are usually adapted, such as
increased handrail use, sideways motion, or a step-by-step (SBS) pattern which involves
placing both feet on the same step before ascending or descending (Reid et al., 2007). Stair
ascent and descent requires a significant amount of balance to stabilize the body during the
forward and vertical movement. This requires a person to concentrically and eccentrically
contract muscles of the lower extremity in order to ascend and descend efficiently (Kowalk,
Duncan, & Vaughan, 1996).
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Excess weight gain in the form of adipose tissue can occur from consuming excess
calories over time which can lead to obesity (Mastaglia, Solis, Bagur, Mautalen, & Oliveri,
2012). The location of adipose tissue may be a determinant of certain health risks and
biomechanical adaptations. There are two major depots of adipose tissue-visceral and
subcutaneous. Visceral adipose tissue is located in the deep abdominal cavity and is
commonly known as central obesity because of the location of the fat mass. Central obesity
has been associated with an increased risk of metabolic and cardiovascular diseases (Fox
et al., 2007), which may lead to increased risk of diabetes (Lemieux et al., 1996;
Tomlinson, Erskine, Winwood, Morse, & Onambélé, 2014). Subcutaneous adipose tissue
may be distributed to the extremities and is commonly known as peripheral obesity (Fox
et al., 2007). Peripheral obesity has been found to play a protective role against
cardiovascular and metabolic disease, compared to central obesity (Snijder et al., 2004).
The distribution of body fat has also been found to be gender specific. Men preferentially
accumulate fat in the deep abdominal region (abdominal visceral fat) known as android fat
distribution; whereas women preferentially gain fat in the femoral gluteal region known as
the gynoid fat distribution (Mastaglia et al., 2012). Therefore, men tend to exhibit central
obesity more compared to women who exhibit peripheral obesity.
Although physiologically there are negative health risks associated with the excess
weight distribution and obesity, the biomechanical effects that different adipose tissue
distributions may have on the joints has not been fully elucidated. Sternfeld et al. (2002)
used waist circumference to estimate weight distribution and found that central adiposity,
independent of levels of lean mass and fat mass, negatively impacted physical functioning
such as activities of daily living (Sternfeld, Ngo, Satariano, & Tager, 2002). Segal et al.
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(2009) classified groups by BMI and waist circumference, differentiating groups into two
different obesity classification groups referred to as -central and lower-body obesity (Segal,
Yack, & Khole, 2009). It was found that weight was a significant predictor for knee
adduction moments. In this study, the first and second peak knee adduction moments were
both reported. The first peak was significantly greater in both central and lower body
obesity compared to the normal weight group. Interestingly, the second peak knee
adduction moment was significantly greater in the central obesity group compared to the
normal weight group but was only slightly greater in the lower body obesity group
compared to the normal weight group. This suggests that at impact, weight distribution
could be a factor explaining the differences in knee adduction moment compared to the
second peak at push off where only the central obese group was greater than the normal
group. When normalized to body weight these differences disappeared. However, the
authors did conclude that weight was a strong predictor of knee adduction moment
explaining 33% of variance in the first peak adduction moment (Segal et al., 2009).
When comparing the gait of an obese individual to a normal weight individual,
studies have found biomechanical adaptations to the gait of the obese group (Browning &
Kram, 2007; DeVita & Hortobágyi, 2003; Lai et al., 2008). To date, the cause of these
adaptations is unknown. It can be speculated that the gait changes seen in an obese
population are the result of differences in body segment parameters compared to a normal
weight population (Segal et al., 2009). Specifically, there are differences seen in both knee
kinematics and kinetics in the sagittal and frontal planes (Browning & Kram, 2007; DeVita
& Hortobágyi, 2003; Lai et al., 2008; Messier et al., 2005; Segal et al., 2009). An increase
in total body mass and thigh mass has been shown to affect the kinematic and kinetic
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variables at the knee (Browning & Kram, 2007; Messier et al., 2005). Although the effect
of individual segment mass is still relatively unknown (Davids, Huskamp, & Bagley, 1996;
Segal et al., 2009), it has been suggested that altering the mass of a segment, such as the
thigh, would affect the hip, knee, and ankle kinematic and kinetic variables during gait.
This suggests that body composition may contribute not only to the physiological
differences seen in obesity but also to the lower body biomechanical differences seen in
obese populations.
Increased loads such as those in an obese population have been linked to
biomechanical adaptations during activities of daily living (ADLs) (Andriacchi &
Mündermann, 2006; Blakemore et al., 2013; Foster et al., 2010; Strutzenberger, Richter,
Schneider, Mündermann, & Schwameder, 2011; Wearing et al., 2006; Westlake, Milner,
Zhang, & Fitzhugh, 2013). Specifically, obese individuals walk with shorter step lengths,
and increased step width (Browning & Kram, 2007; DeVita & Hortobágyi, 2003; Lai et
al., 2008; Sparrow & Tirosh, 2005). During gait, it has been documented that an obese
individual also walks with greater hip abduction as well as decreased hip and knee flexion
at heel strike (DeVita & Hortobágyi, 2003; Lai et al., 2008; Segal et al., 2009). Some of
the literature still remains unclear concerning biomechanical events in the sagittal and
frontal planes at the hip and knee due to discrepancies in data collection techniques. The
excess adipose tissue in obese individuals make it difficult to analyze the muscle activity
and biomechanics during ADLs, as the accuracy of biomechanical data is dependent on the
ability to accurately place retroreflective markers on anatomical landmarks (Lerner, Board,
& Browning, 2014). In an obese population, this becomes more difficult due to the excess
soft tissue artifact, which may lead to errors in data. Inaccurate marker placement and soft
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tissue artifact can also lead to errors in biomechanical data. With the excess adipose tissue
seen in an obese population, markers are placed further from the intended anatomical
landmarks which may cause movement during data collection known as marker jiggle.
Previous studies lacked real-world applications because experimental protocols did not
reflect how an obese population would participate in many ADLs
Accurately determining joint centers is a critical component in analyses but can be
difficult, particularly at the hip (Sharkey, Michelson, & Piazza, 2001). In certain
populations, such as obese individuals, the palpable bony landmarks are further from the
joint center. When determining the hip joint center two standardized methods have been
used: 1) the “functional” approach (Cappozzo, Della Croce, Leardini, & Chiari, 2005;
Leardini et al., 1999) and 2) the “prediction” approach (Bell, Pedersen, & Brand, 1990;
Seidel, Marchinda, Dijkers, & Soutas-Little, 1995). Bell et al. (1990) used the distance
between the right and left anterior superior iliac spine (ASIS) with the prediction approach
and a regression equation to determine the hip joint center based on the findings of
Cappozzo et al. (1986) (Bell et al., 1990; Cappozzo et al., 2005). In 1999, Leardini et al.
(1999) validated the functional method for estimation of the hip joint center (Leardini et
al., 1999). This method calculated the hip joint center based on the center of rotation
between the pelvis and the femur by fitting a sphere to the paths followed by a femur-fixed
point as motion occurred about the hip in each plane (Leardini et al., 1999). Unfortunately,
in an obese population these methods are not consistently used and may be limited by
effectiveness, practicality, and/or cost (Lerner, Board, & Browning, 2014). Lerner and
colleagues found that a methodology to account for soft artifact in obese that is feasible
and relatively accurate when collecting kinematic variables is needed. Therefore, proposed
7

a specific obese marker-set, which was a modified version of the Helen Hayes marker-set
be used when collecting data on an obese population (Lerner et al., 2014).
Statement of the Problem
Previous research on people who are obese lacks a comprehensive methodological
approach to collecting three-dimensional joint kinematics and kinetics. Furthermore, the
biomechanics of obese individuals compared to normal individuals during ADLs are not
fully understood.
Purpose
The primary research question for this dissertation was to determine what the
biomechanical effects associated with excess adipose tissue were, and are these effects
related to the pattern in which the adipose tissue is deposited in the body. In order to address
these questions, in light of previously cited concerns, we first evaluated the efficacy of
simulating central and peripheral obesity since such models have not been clearly
delineated in the literature.
Therefore, several steps were taken to preemptively address these issues. First, two
models were created to simulate weight gain to postulate what was occurring
biomechanically in an obese population during different ADLs. The models were intended
to help fill in some of the gaps in the biomechanical literature regarding obesity by
providing analyses of simulated weight gain populations. The models for this study were
designed to simulate two different types of weight gain, central and peripheral, in order to
determine differences in lower extremity biomechanics during a series of ADLs. In these
models, a load was distributed centrally to the trunk and peripherally to the thighs to
simulate the respective effects that android and gynoid obesity would have. The model had
2 different loaded components: a central load (CL) and a peripheral load (PL), which was
8

compared to the individuals’ unloaded (UL) condition. For the loaded conditions,
participants carried external loads sufficient to increase their BMI by 5 kg/m2.
More specifically each investigation’s purpose was to:
● Study 1: determine if the frontal and sagittal plane peak hip and knee angles
and peak hip and knee moments were different in the obese weight (OW)
group compared to the unloaded weight group during level gait. A second
purpose of this study was to determine the independent effects of increasing
body mass centrally or peripherally on frontal and sagittal plane kinematics
and kinetics during gait.

● Study 2: determine the effects of increasing mass and altering mass
distribution on lower extremity kinematics, kinetics and muscle activity
during the transition from stair descent to level walking.

● Study 3: compare lower extremity joint kinematics and muscle activation
patterns between obese and normal individuals at different levels of body
support (100, 75, and 50%) while walking in the Alter G treadmill.
Specifically, to directly study the independent effects of body weight on
gait biomechanics and muscle activation.
Hypotheses
Study 1 fully describes the three-dimensional biomechanics of modeled obesity
(CL, PL) obese and normal weight individuals during level gait. The study reports on
frontal plane and sagittal plane hip and knee mechanics compared to the literature. It was

9

hypothesized that simulated obese group PL would more closely mimic obesity during
level gait. This was also hypothesized to be task specific.
In Study 2, three-dimensional biomechanics were used to compare the proposed
model CL and PL to UL during the transition from stair descent to level walking. The study
reports on frontal and sagittal kinematic and kinetic parameters. In addition, muscle
function was also investigated using electromyography. Specifically, it was hypothesized
that the added external loads would elicit shorter, wider steps and increase joint moments
at the hip and knee in the frontal and sagittal planes. Due to increases in segmental mass,
it was further hypothesized that these effects would be greater when the external load was
distributed to the lower extremities. Finally, muscle activity was hypothesized to increase
with the increase in segment mass in the CL and PL conditions.
Study 3, was a comprehensive understanding of all the instrumental and
methodological issues related to the estimate of joint kinematics and electromyography
data when collecting such data synchronized in the Alter G between obese and normal
weight individuals. The first hypothesis was that during the stance phase of gait in an
AlterG, muscle activity would decrease as body weight support increased for both the
obese and normal weight individuals. A second hypothesis was that there would be
increased muscle activity in the obese group compared to the normal group.

Delimitations
Studies 1 and 2
1. Fourteen apparently healthy, normal weight (BMI: 22.5 ± 1.8 kg/m2) participants
aged 23.4 ± 3.6 years, with a height of 1.68 ± 0.12 m and a mass of 63.4 ± 10.8 kg,
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and seventeen obese participants (BMI: 33.2 ± 2.3 kg/m2) participants aged 31.6 ±
8.0 years, with a height of 1.67 ± 0.09 m and a mass of 93.0 ± 13.6 kg participated.
2. All subjects were required to ambulate down a walkway and descend a staircase for
three trials each at a self-selected pace.
3. At the time of data collection, subjects had to be uninjured, weight stable for the
past 6 months, with a BMI between 18-25 or 30-36 and had no history of back or
lower limb pain at rest or during exercise, had no back or lower body injury in the
past 3 months and had no major spine or lower limb surgery.

Study 3
1. Six apparently healthy, normal weight (BMI: 23.6 ± 2.0 kg/m2) participants aged
22.3 ± 1.6 years, with a height of 1.7 ± 0.09 m and a mass of 72.1 ± 11.3 kg, and 3
obese participants (BMI: 33.4 ± 2.0 kg/m2) participants aged 22.0 ± 3.61 years,
with a height of 1.6 ± 0.13 m and a mass of 98.1 ± 15.2 kg participated.
2. All subjects were required to walk in the AlterG treadmill at self-selected walking
speeds.
3. At the time of data collection, subjects had to be uninjured, weight stable for the
past 6 months, with a BMI between 18-25 or 30-36 and had no history of back or
lower limb pain at rest or during exercise, had no back or lower body injury in the
past 3 months and had no major spine or lower limb surgery.
4. Subjects were not eligible to participate if they had any of the following disorders:
neuromuscular (ex. multiple sclerosis), musculoskeletal (ex. arthritis),
cardiovascular, pulmonary (ex. COPD), or metabolic (ex. diabetes).
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Limitations
1. The number of subjects was relatively small for the amount of reported variables.
2. Soft tissue artifact and marker placement may contribute to excess marker
movement in this population.
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Chapter Two- The Biomechanical Implications of Simulated Weight Gain on the
Lower Extremity during Gait
2.1 Introduction
Walking is the most popular form of prescribed exercise in clinical populations,
including those who are obese (Thomas et al., 2011). Level walking gait consists of a
continuous cycle of falling out of balance and regaining balance resulting in limb
advancement (Deforche et al., 2009). Two basic requirements of effective gait are to
support the body during movement and maintain balance in order to prevent falling
(Sparrow & Tirosh, 2005).
Adequate balance is a requirement to avoid falling for many functional activities.
However, it may be more difficult for someone who is obese to use a treadmill or walk
over level ground as a training method due to impaired balance. In an obese population, it
is typical to see temporal modifications to gait. In 2008, Lai, Leung, and Zhang,
documented that adults who are obese often walk with a shorter step length and an
increased step width, which elicits a slower self-selected speed (Lai, Leung, Li, & Zhang,
2008). Browning, & Kram Browning, Modica, Kram and Goswami confirmed that obese
adults walked at a slower self-selected speed than their normal weight peers (Browning,
Modica, Kram, & Goswami, 2007). These modifications are made to increase double
support time which directly aids in increasing balance. Due to the slow walking speeds,
Browning, & Kram, postulated that ground reaction forces and knee moments would be
decreased (Browning & Kram).
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When the joints of the lower extremity have additional load placed on them, joint
degeneration occurs. Gait analyses of obese individuals have identified kinematic and
kinetic adaptations compared to their normal weight counterparts (Lai et al., 2008).
Specifically, an obese population walks with greater hip abduction and less hip and knee
flexion at heel strike (DeVita & Hortobágyi, 2003; Lai et al., 2008; Segal, Yack, & Khole,
2009). These adaptations place more force on the joints of the lower extremity, which may
be linked to joint deterioration (DeVita & Hortobágyi, 2003). Increased loads, such as in
an obese population have been linked to biomechanical adaptations during activities of
daily living (ADLs) (T. P. Andriacchi & Mündermann, 2006; Blakemore, Fink, Lark, &
Shultz, 2013; Foster et al., 2010; Strutzenberger, Richter, Schneider, Mündermann, &
Schwameder, 2011; Wearing, Hennig, Byrne, Steele, & Hills, 2006a; Westlake, Milner,
Zhang, & Fitzhugh, 2013).
Excess weight gain in the form of adipose tissue can occur from consuming an
excess of calories, which over time can lead to obesity (Mastaglia, Solis, Bagur, Mautalen,
& Oliveri, 2012). The location of this adipose tissue may be a determinant of certain health
risks and biomechanical adaptations. There are two different classifications of adipose
tissue (visceral and subcutaneous). Visceral adipose tissue is typically seen in the trunk
region and is commonly known as central obesity because of the location of the fat mass.
Central obesity has been associated with an increased risk of metabolic and cardiovascular
diseases, which may lead to increased risk of diabetes (Lemieux, Prud'homme, Bouchard,
Tremblay, & Després, 1996; Tomlinson, Erskine, Winwood, Morse, & Onambélé, 2014).
Subcutaneous adipose tissue is typically distributed to the extremities and is commonly
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known as peripheral obesity (Fox et al., 2007). Peripheral obesity has been found to play a
protective role against cardiovascular and metabolic disease (Snijder et al., 2004).
Negative health risks are associated with weight distribution and obesity, however
biomechanically we are still unsure of the effects of different adipose tissue distributions
on the joints. Sternfeld et al. (2002) used waist circumference to measure weight
distribution finding that central adiposity, independent of levels of lean mass and fat mass,
negatively impacted physical functioning such as ADLs (Sternfeld, Ngo, Satariano, &
Tager, 2002). Segal et al. (Segal et al.) classified groups by BMI and waist circumference,
breaking groups into two different obesity classification groups- central and lower-body
obesity (Segal et al., 2009). They found that body weight was a significant predictor for
knee adduction moments. Both, the first and second peak knee adduction moments were
reported and found to be significantly larger in both central and lower body obesity
compared to the normal weight group. Interestingly, the second peak knee adduction
moment was significantly larger in the central obesity group compared to the normal
weight group but was only slightly larger in the lower body obesity group compared to the
normal weight group. However, when normalized to body weight these differences
disappeared although the authors did conclude that weight was a strong predictor of knee
adduction moment, explaining 33% of variance in the first peak adduction moment (Segal
et al., 2009).
When comparing the gait of an obese individual to a normal weight individual,
studies have found the previously mentioned biomechanical adaptations to the gait of the
obese group (Browning & Kram, 2007a; DeVita & Hortobágyi, 2003; Lai et al., 2008;
Segal et al., 2009). At this time, the cause of these adaptations is unknown. It can be
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speculated that these changes are due to the differences in body segment parameters when
compared to a normal weight population (Segal et al., 2009). Specifically, these differences
are seen in knee kinematics and kinetics in the sagittal plane and in the frontal plane
(Browning & Kram, 2007a; DeVita & Hortobágyi, 2003; Lai et al., 2008; Messier,
Gutekunst, Davis, & DeVita, 2005a; Segal et al., 2009). An increase in total body mass and
thigh mass has been shown to affect the kinematic and kinetic variables at the knee
(Browning & Kram, 2007a; Messier et al., 2005a). Although the effect of individual
segment mass is still relatively unknown (Davids, Huskamp, & Bagley, 1996; Segal et al.,
2009). It can be predicted that altering the mass of a segment, such as the thigh, would
affect the hip, knee, and ankle kinematic and kinetic variables during gait. This suggests
that body composition may contribute not only to the physiological differences seen in
obesity but also to the biomechanical effects that obesity has on the lower extremity.
To help address these some of the biomechanical constraints related to data
collection and processing we have created a model to simulate weight gain in order to
postulate what is going on biomechanically in an obese population during different
activities of daily living. The model is predicted to help fill some of the gaps in the
biomechanical literature on obesity by allowing us to study a simulated obese population.
In certain populations, such as obese inability to appropriately place anatomical markers
for motion capture becomes more challenging due to the palpable bony landmarks being
further from the joint center. Furthermore, determining the hip joint center then becomes
more challenging therefore, the “functional” approach (Cappozzo et al., 2005; Leardini et
al., 1999). This approach is allowing for motion in each direction to help determine the
center of the joint.
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The model for this study was designed to simulate two different types of weight
gain, central and peripheral, in order to determine differences in lower extremity
biomechanics during gait. In our model, we distributed a load centrally to the trunk and
peripherally to the thighs to simulate android and gynoid obesity. The model had 2 different
load components: centrally loaded (CL) and peripherally loaded (PL), which we compared
to the individuals’ unloaded (UL) condition. For the loaded conditions, participants carried
an external load sufficient to increase their BMI by 5 kg/m2. For the centrally loaded
condition, external load was added via a weight vest. For the peripherally loaded condition,
the load was distributed with 50% in the weight vest and 25% to each thigh using specially
constructed neoprene sleeves (Walaszek et al., 2017).
Obesity is a complex condition comprised of many factors including excess body
mass, decreased relative muscle strength and power, decreased agonist recruitment, and
premature fatigue. The exact role of excess body mass and body mass distribution in
obesity-induced biomechanical adaptations are unclear. The purpose of this study was
twofold:1) to determine how frontal and sagittal plane peak hip and knee angles and peak
hip and knee moments compare between normal weight and obese weight (OW) subjects
and; 2) to determine the independent effects of increasing body mass centrally or
peripherally on frontal and sagittal plane kinematics and kinetics during gait.
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2.2 Methods

2.2.1 Study Design
This was a laboratory based, quasi-experimental study. The independent variables
were the loaded conditions (unloaded, central load, and peripheral load) and the obese
group. The dependent variables were the hip and knee kinematics and kinetics during the
stance phase of gait. Specifically, frontal and sagittal plane peak knee and hip angle
moment and total excursion of the stance phase.

2.2.2 Subjects
Fifteen (5 male; 10 female) apparently healthy, recreationally active, normal weight
(BMI: 22.3 ± 1.8 kg/m2) participants aged 23.1 ± 3.7 years, with a height of 1.7 ± 0.1 m
and a mass of 63.5 ± 11.2 kg, and 17 obese participants (BMI: 33.2 ± 2.3 kg/m2)
participants aged 31.6 ± 8.0 years, with a height of 1.7 ± 0.1 m and a mass of 93.5 ± 13.6
kg volunteered to participate in this study (Table 2.1). All participants were clear of any
health problems that may compromise their participation in this study. All research
procedures were approved by the university institutional review board and all participants
provided written informed consent prior to participation in the study. Participants all
verbally indicated that they had no current orthopedic abnormalities or any kind of lower
extremity joint pain during the testing.

18

Table 2.1. Subject demographics and subject characteristics. Data are presented as
mean ± standard deviation
15 Normal Weight

17 Obese Weight

(5 male; 10 female)

(4 male; 13 female)

Age (years)

23.1 ± 3.7

31.6 ± 8.0

Height (m)

1.7 ± 0.1

1.7 ± 0.1

Weight (kg)

63.5 ± 11.2

93.5 ± 13.6

BMI (kg/m2)

22.3 ± 1.8

33.2 ± 2.3

% increase in BW

22.7 ± 1.8

Central load (kg)

14.0 ± 1.9

Peripheral load (kg)

Trunk

Thighs

7.3 ± 1.1

6.7 ± 0.9

Table 2.1.

2.2.3 Procedures
Normal weight participants were loaded under three different external load
conditions: UL, CL & PL (26). The UL was the participant’s body weight with no
additional load. For both CL and PL participants carried external weights sufficient to
increase BMI by 5 kg/m2 (Figure 2.1). The CL condition had weight distributed evenly
around the circumference of the trunk. The PL condition consisted of the same external
load with 50 % of the load in the vest and 25% evenly distributed anteriorly, posteriorly
and laterally (but not medially) to each thigh using neoprene sleeves which were fabricated
for this study. All conditions were randomized and adequate rest was given between
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conditions. All participants wore the same type of shoes (Nike Xccelerator) during the data
collection to reduce differences due to footwear. OW subjects completed testing
procedures only under unloaded conditions.

Figure 2.1. Visual representation of the external load CL and PL. To increase
participants BMI by 5 kg/m2

Data from three valid trials were recorded, processed, and analyzed for each
condition (UL, CL, PL, & OW). Participants walked across a 9 m walkway at a selfselected pace for each condition (UL 1.43 ± 0.09 m/s, CL 1.42 ± 0.10 m/s PL 1.38 ± 0.11
m/s & OW 1.30 ± 0.22 m/s). Pace was determined using timing gates along the runway
(Power systems LLC, Knoxville, TN). Self-selected speed was monitored and all trials
were completed within 1 standard deviation for each participant. A valid trial was defined
as walking across the force platforms without noticeable changes in gait while striking the
force plate with the dominant foot.
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2.2.4 Data Collection
Fifty-four anatomical and thirty-four tracking retroreflective markers were placed
bilaterally on bony landmarks of the trunk, pelvis and lower extremity for the static trial
and motion trials as previously described (Walaszek et al., 2017). Three-dimensional
marker data were collected using 10 high speed Motion Analysis Cameras and Cortex
software (Motion Analysis Corporation, Santa Rosa, CA, USA) at a sampling rate of 200
Hz. Force variables were collected using two Bertec force plates (Bertec Corp., Columbus,
OH) at 1000 Hz.

2.2.5 Data Processing
Kinetic data were normalized to participants’ body weight during the UL and OW
trials. For the CL and PL trials, kinetic data were normalized to body weight plus external
load. Joint/segment dynamics were calculated in Visual 3-D (C-Motion Inc, Germantown,
MD). Kinematic data were filtered using a 4th order Butterworth low-pass filter with a cutoff of 8 Hz. When calculating joint moments, the joint was based on the segment distal to
the joint. Therefore, the hip moments in the PL condition were corrected for external load
placed on the thighs. This was done by adjusting the moment of inertia of the thigh
segment. The calculated moment of inertia was determined by adding the original moment
of inertia to the calculated adjusted moment of inertia and the moment arm. The adjusted
&'

moment of inertia was calculated as: !" = (!)(() +

+ ' ,-'
.

), where the ! is the mass of

the added weight in kg, / is the axial length of the center of mass in meters, 0 and 1 are
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the inner and outer radii of the segment respectively. The moment arm was calculated for
the added weight to the segment, 23 ) where 2 is the mass of the weight and 3 is the radius
of the weight. Mass was distributed in the center of the thigh (longitudinally) and equally
around (circumferentially), thus changing the radius equally on all sides. It should be noted
that there was no added mass on the medial side of the thigh in order to decrease changes
due to the shape of the weight opposed to the mass itself.

2.2.6 Statistical Analysis
Statistical comparisons were made using GraphPad Prism version 7.00 for
Windows (GraphPad Software, La Jolla California USA). Significance was set a priori at
p <0.05. To answer the first research question, Welch’s t-test was used to compare
independent samples between OW and UL conditions. To answer the secondary research
question, a One-way ANOVA was used to further test any significant findings from the
OW to UL comparisons. When appropriate a Sidak’s post-test was used. Data are reported
as mean ± SD. All data were checked for homogeneity using Levene’s test for homogeneity
of variances and if violated a Greenhouse-Geiser correction was used.
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2.3 Results

2.3.1 UL and OW differently affect spatial-temporal gait characteristics during gait
The purpose of this study was to determine if spatial–temporal gait characteristics
were different between OW and UL during level gait, and then to investigate the effects of
increasing body mass in the CL and PL conditions. Spatial-temporal gait characteristics for
this study are depicted in Table 2.2 OW walked at a significantly slower velocity (1.30 ±
0.22 m/s) compared to UL (1.43 ± .09 m/s; p =0.70). The step length was 8.7% longer in
the UL (p =0.002) compared to the OW. Post hoc analysis revealed that step length was
7.4% longer in the CL (p =0.017) compared to the OW. No significant differences were
found in stance time or step width between the conditions.

Table 2.2. Spatial-temporal gait characteristics. Data are presented as mean ± standard
deviation.
Unloaded
(UL)
Velocity (m/s)

Central
(CL)

Load

Peripheral
(PL)

Load

Obese
Weight
Group (OW)

1.43 ± .09*

1.42 ± .10

1.38 ± .11

1.30 ± .22

66.1 ± 4.6

65.9 ± 4.0

67.8 ± 4.6

67.2 ± 5.7

Step width (m)

0.103 ± .02

0.111 ± .03

0.129 ± .03

0.105 ± .03

Step length (m)

0.736 ± .04*

0.726 ± .05*

0.718 ± .05

0.672 ± .67

Stance phase duration
(% gait cycle)

Table 2.2.
* p < 0.05 v. OW.

23

Figure 2.2 Spatial-temporal gait characteristics during level gait. Statistical
differences were determined via 1-way ANOVA. * p < 0.05 v. OW A) Velocity (m/s) B)
Stance Phase (% gait cycle) C) Step width (m) and D) Step length (m).

2.3.2 UL OW decreases peak Frontal plane hip moments during gait
Frontal plane peak hip and knee angles as well as peak hip and knee moments
during gait are depicted in Table 2.3. Figure 2.2 depicts the ensemble curves of the frontal
plane kinematics and kinetics at the hip and knee during gait. Hip adduction moment was
significantly lower in OW (6.58 ± 4.2 Nm/kg m; p = 0.035) compared to UL (8.62 ± 4.9
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Nm/kg m). There were no significant differences found in hip frontal plane angle. There
were also no significant differences with regard to frontal plane motion at the knee.

Table 2.3. Frontal plane peak hip and knee angles as well as peak hip and knee
moments during gait. Data are presented as mean ± standard deviation.
Unloaded
(UL)

Central
Load (CL)

Peripheral
Load (PL)

Obese (OW)

Peak Joint kinematics (°)
Knee
Adduction (+)

0.05 ± 3.1

1.06 ± 3.4

-0.33 ± 2.7

0.38 ± 4.1

Abduction (-)

-5.46 ± 4.6

-5.62 ± 4.3

-5.59 ± 2.8

-7.98 ± 3.6

Excursion

6.25 ± 2.6

6.68 ± 2.4

5.26 ± 1.5

8.36 ± 3.9

Adduction (+)

8.62 ± 4.9

8.08 ± 4.9

6.29 ± 4.0

6.58 ± 4.2

Abduction (-)

-5.58 ± 3.5

-4.75 ± 3.0

-2.23± 3.2

-5.75± 4.6

Excursion

14.33 ± 4.2

12.47 ± 4.3

8.52 ± 2.4

12.72 ± 3.2

Hip

Peak Joint kinetics (Nm/kg m)
Knee Adduction (+)

0.059 ±.016* 0.056 ± .002

0.063 ± .002 0.045 ± .003

Knee Abduction (-)

-0.270 ± .067 -0.327 ± .099

-0.302 ± .068 -0.261 ± .072

Hip Abduction (-)

-0.619 ± .130 -0.774 ± .173

-0.707 ± .117 -0.606 ± .101

Table 2.3.
* p < 0.05 v. OW.
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Figure 2.3. Frontal plane hip and knee kinematic and kinetic ensemble curves
during gait. A) Knee range of motion (°) B) Knee moment (Nm/kg m) C) Hip range of
motion (°) D) Hip moment (Nm/kg m).

2.3.3 OW alters peak Sagittal plane hip and knee angles and moments during gait
Sagittal plane peak hip and knee angles as well as peak hip and knee moments
during gait are depicted in Table 2.4. Figure 2.4 depicts the ensemble curves of the sagittal
plane kinematics and kinetics at the hip and knee during gait. Peak Knee extension angle
(p =0.048) and excursion (p=0.029) were greater in the OW compared to UL. Follow up
testing revealed higher knee excursion in the OW compared to the PL (p = 0.006).
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Sagittal plane hip excursion was significantly lower in the OW compared to UL (p
= 0.032). Post hoc analysis revealed lower hip excursion in the OW compared to the PL (p
= 0.021). There were no significant differences in hip extension angle between the groups.
Peak hip flexor moment was significantly lower in OW (0.385 ± 0.12 Nm/kg m, p
= 0.008), compared to UL (0.525 ± 0.09 Nm/kg m). Follow up testing revealed that
moments were also significantly lower in OW compared to PL (0.634 ± 0.16 Nm/kg m p
= 0.0001) and CL (0.588 ± 0.11 Nm/kg m p = .0001). Similar results were found with lower
peak hip extension moment moments in OW (-0.319 ± 0.10 Nm/kg m, p = 0.009) compared
to UL (-0.433 ± 0.12 Nm/kg m). Post hoc analysis revealed that moments were also lower
in OW compared to PL (-0.478 ± 0.08 Nm/kg m p = 0.001) and CL (-0.498 ± 0.14 Nm/kg
m p = .0001).
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Table 2.4. Sagittal plane peak hip and knee angles as well as peak hip and knee
moments during gait. Data are presented as mean ± standard deviation.
Unloaded
(UL)

Central
(CL)

Load Peripheral
Load (PL)

Obese (OW)

Peak Joint kinematics (°)
Knee
Flexion (+)

46.27 ± 5.5

49.40 ± 5.1

42.47 ± 5.6

47.61 ± 4.1

Extension (-)

0.96 ± 3.6*

0.90 ± 3.7

-1.67 ± 4.6

-2.95 ± 5.4

Excursion

45.23 ± 5.0*

48.50 ± 4.0

44.14 ± 7.1*

50.55 ± 5.8

Flexion (+)

33.10 ± 7.4

35.88 ± 6.1

36.85 ± 9.0

33.59 ± 8.1

Extension (-)

-7.86 ± 8.4

-6.49 ± 7.9

-4.39 ± 8.4

-1.91 ± 7.7

Excursion

42.38 ± 5.5*

42.69 ± 5.9

41.24 ± 5.0*

37.47 ± 4.6

Hip

Peak Joint kinetics (Nm/kg m)
Knee Flexion (+)

0.353 ± 0.13

0.306 ± 0.13

0.308 ± 0.18

0.263 ± 0.16

Knee Extension (-)

-0.245 ± 0.09

-0.392 ± 0.16

-0.375 ± 0.14

-0.197 ± 0.08

Hip Flexion (+)

0.525 ± 0.09*

0.588 ± 0.11*

0.634 ± 0.16*

0.385 ± 0.12

Hip Extension (-)

-0.433 ± 0.12*

-0.498 ± 0.14*

-0.478 ± 0.08* -0.319 ± 0.10

Table 2.4.
* p < 0.05 v. OW.
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Figure 2.4. Sagittal plane hip and knee kinematic and kinetic ensemble curves
during gait. A) Knee range of motion (°) B) Knee moment (Nm/kg m) C) Hip range of
motion (°) D) Hip moment (Nm/kg m).
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Table 2.5. Summary of Findings: Compared to Obese

UL

CL

Velocity

9 % Slower

Step Length

8.7% Longer

Knee Extension Angle

3.91º
Extension

Sagittal Knee ROM

5.32º Less ROM

Knee Adduction Angle

0.33º Greater

Sagittal Hip ROM

4.91º
ROM

Hip Flexion Moments

0.14 Nm/kg
Greater

Hip Extension Moments

0.114 Nm/kg m
Greater

PL

7.4% Longer
Less

6.41º Less ROM

Greater

3.77º
ROM

Greater

m 0.203 Nm/kg m 0.249 Nm/kg m
Greater
Greater
0.719 Nm/kg m 0.159 Nm/kg m
Greater
Greater

Table 2.5

2.4 Discussion
The major finding of this study is peak hip and knee kinematics and kinetics in the
frontal and sagittal plane are altered in obese subjects during stance phase of gait. Similarly,
external loading (CL and PL) alters peak hip and knee kinematics and kinetics in normal
weight subjects. However, peak joint kinematics and kinetics are not necessarily the same
between normal weight subjects carrying external loads and obese subjects. When
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compared to the UL, OW walked with a slower gait velocity, lower peak hip adduction,
and greater knee extension. The results also, indicate that when compared to the CL, OW
walk with decreased step length, peak hip flexion moment and peak hip extension moment.
Additionally, when compared to PL, the OW walk with a decreased peak hip flexion
moment, peak hip extension moment, hip sagittal plane excursion, and an increase in knee
sagittal plane excursion. These data suggest that body mass, and body mass distribution
may both be important factors related to gait biomechanics but are not the only factors
driving altered biomechanics in obesity.
Spyropoulos et al. (P. Spyropoulos, J. C. Pisciotta, K. N. Pavlou, M. A. Cairns, &
S. R. Simon, 1991) reported that compared to normal weight individuals obese males
walked 34% slower with wider steps but similar knee flexion angles at midstance. This is
similar to the findings of the current study, where the OW group decreased velocity by
about 9% compared to the UL. With this decreased velocity there was also an increase in
knee extension compared to the UL. It seems that the current obese group walked with
more erect more posture compared to the UL group similar to DeVita & Hortobágyi, (2003)
who reported obese to have about 6% more extension at all joints compared to normal
weight counterparts (DeVita & Hortobágyi, 2003). Contrary to Lai et al. 2008 (13) who
found no differences between obese and normal weight hip adduction moment, the current
study found a decrease in OW hip adduction moment during stance phase. This difference
in hip adduction moment could be due to the lack of differences in frontal plane motion
between the OW and the UL conditions at the hip. It could also be due to discrepancy in
the calculation of hip joint center determination. The current study used the functional hip
method to calculated joint center.
31

Additionally, our results also demonstrated decreased step length in OW compared
to UL. This agrees with previous literature both at controlled(Browning & Kram, 2007b;
Messier et al., 1994) and self-selected (Lai et al., 2008; Messier, 1994; Nantel, Brochu, &
Prince, 2006; P. Spyropoulos et al., 1991) walking velocities. The results of this study, also
found that peak hip flexion and hip extension moments were decreased in OW compared
to the UL. Browning & Kram, 2007 found that slower walking velocities contribute to the
decrease in GRF and net muscle moments in obese compared to normal (Browning &
Kram, 2007a). DeVita & Hortobágyi, 2003 reported similar hip moments but found lower
knee extensor moments in the obese group compared to the normal weight group at selfselected and standardized speeds (DeVita & Hortobágyi, 2003). Therefore, walking slower
may be a way of decreasing moments and GRF in obesity which could reduce the link to
deleterious effects.
When adding weight and circumference to the thighs Westlake, (2013) found that
knee extension moments were greater compared to the control group (Westlake et al.,
2013). The current study found that compared to the PL group the OW group was found to
have decreased peak hip flexion and peak hip extension moments most likely due to the
slower gait velocity. McMillan et al. 2010, confirmed that obese subjects display decreased
peak hip flexion and peak extension moments at initial contact but higher hip flexion
moments during late stance compared to the normal weight peers (Mcmillan, Pulver,
Collier, & Williams, 2010). The decrease in moments may be a compensation to decrease
in movement patterns; the current study found decreased hip excursion in the PL compared
to the OW but increased in knee excursion. This combination could be a weakness in the
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hip extensors. McMillian et al. 2010, also postulated that the decreased in hip excursion
could be associated with weak hip extensors (Mcmillan et al., 2010).
There were several limitations encountered to our methodology in this study. The
load was restricted to the weight vest and the self-constructed neoprene sleeves. The load
was also limited to 5 kg/m2. It could be predicted that if the load were to increase the UL
group to reach a BMI of greater than 30 kg/m2 this model may be a better representation of
either central or peripheral obesity. Although our obese group consisted of 12 central
obesity and 5 peripheral obesity participants, our model better represented a peripheral
obese group. Future studies should investigate adding weight to each segment to study the
angular velocity of the individual segment and using the information to predict how an
obese person walks. This may help reduce injury and increase every day performance of
ADL’s in an obese population.
The obese group sampled was limited to obese healthy individuals. We do not know
if this model would suffice for obese with secondary mobility disorders or other health
related issues (DeVita & Hortobágyi, 2003).
2.5 Conclusion
Our data appears to have important findings related to the gait biomechanics and
obesity. This is the first data to our knowledge attempting to model obesity by adding mass
centrally, and peripherally. PL more closely mirrored the OW group in step length, flexion
moment and extension moment and the CL more closely mirror the obese group in sagittal
plane knee and hip excursion, and peak hip flexion moment and extension moment during
gait. These findings suggest that segmental mass centrally induces one set of biomechanical
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changes and peripheral mass has a different effect. Therefore, the combination (or relative
amounts) of each may dictate specific biomechanical adaptations. It would be beneficial
for future studies to look gait as phasic measures and compare the differences between
events such as loading rate and angular impulse between the groups.
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Chapter 3- External loading alters lower extremity kinetics, kinematics, and muscle
activity in a distribution-specific manner during the transition from stair descent to
level walking
3.1 Introduction
Obesity directly affects over one third of American adults and is strongly associated
impaired physical function during activities of daily living (ADLs). Indeed, risk of
musculoskeletal disorders increases with severity of obesity (Mastaglia et al., 2012).
Compared to their lean counterparts, obese subjects display altered kinematics during
numerous activities of daily living including gait (Browning & Kram, 2007a; DeVita &
Hortobágyi, 2003; Lai et al., 2008; McGraw, McClenaghan, Williams, Dickerson, & Ward,
2000; Messier, 1994; Messier, Loeser, Hoover, Semble, & Wise, 1992; P. Spyropoulos et
al., 1991), stair ascent/descent (LIN, Lu, & HSU, 2004; Riener, Rabuffetti, & Frigo, 2002;
Strutzenberger et al., 2011), and sitting/rising from a chair (Galli et al., 2000; Sibella, Galli,
Romei, Montesano, & Crivellini, 2003) which are thought to play a major role in
development of physical disabilities and lower extremity injuries.
Compared to level walking, stair descent is a more taxing activity to the
musculoskeletal system.

Indeed, Andriacchi et al. 1980 (T. Andriacchi, Andersson,

Fermier, Stern, & Galante, 1980a), reported that during stair descent hip flexion moments
were 1.5 times greater than level walking. During stair descent, an individual is required to
concentrically and eccentrically contract muscles of the lower extremity in order to descend
efficiently (Kowalk, Duncan, & Vaughan, 1996; Paquette, Zhang, Milner, & Klipple,
2014) and maintain balance to stabilize the body during a forward and vertical movement
(Reid, Lynn, Musselman, & Costigan, 2007). Compared to their lean counterparts, obese
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subjects adapt compensatory strategies during stair descent to complete this task (Naugle,
Higgins, & Manini, 2012). Furthermore, Strutzenberger et al. 2011 (Strutzenberger et al.,
2011), demonstrated that obese subjects displayed smaller hip extension moments, greater
hip flexion moments, and greater knee extension moments than lean subjects. Therefore,
obesity alters lower extremity kinetics during stair descent.
Increased total body and segmental mass is the defining characteristic of obesity.
Therefore, it is likely that body mass and distribution of body mass may directly contribute,
at least in part, to the altered biomechanics seen in obesity. To date, altered kinematics and
kinetics in obesity have largely been attributed to excess body mass (Sheehan & Gormley,
2013).

However, due to the cross-sectional nature of these studies and the well-

documented effects of obesity on the musculoskeletal system (Bollinger, 2017; Maffiuletti
et al., 2007; Tomlinson et al., 2014), it is difficult to determine the direct role of excess
body mass per se in altered kinematics and joint kinetics.
In addition to excess body mass, distribution of body mass is often altered in
obesity. The effects of central and lower body obesity on cardiometabolic outcomes have
been described extensively (Després, 2006; Romero-Corral et al., 2009). However,
relatively little is known about how distributing body mass centrally or to the lower
extremities affects kinematics and kinetics of activities of daily living. Therefore, Segal et
al. 2009 (Segal et al., 2009), broke groups into two different obesity classification groupscentral and lower-body obesity. It was reported that the first peak of the external knee
adduction moment during midstance was statistically different between two different obese
groups and the normal weight group; suggesting that weight distribution was a significant
predictor for knee adduction moments (Segal et al., 2009). It has also been previously
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reported that increasing thigh mass and/or volume affects knee kinematic and kinetics
during gait (Browning & Kram, 2007a; Messier et al., 2005a; Walaszek et al., 2017;
Westlake et al., 2013). Additionally, Walaszek et al.2017 (Walaszek et al., 2017), reported
that distributing external loads to the trunk and thighs differently affects trunk kinematics
during sit-to-stand and stand-to-sit. Therefore, it is likely that weight distribution may be
an important determinant of lower extremity kinematics and kinetics during other activities
of daily living such as stair descent.
The purpose of this study was to determine the effects of increasing mass and
altering mass distribution through CL and PL on lower extremity kinematics and kinetics
during the transition from stair descent to level walking creates a different response for the
UL. It was hypothesized that compared to the control condition, adding mass would elicit
kinematic and kinetic alterations similar to those previously reported in obesity.
Specifically, it was hypothesized that external loading would elicit shorter, wider steps and
increase joint moments at the hip and knee in the frontal and sagittal planes. Due to
increases in segmental mass, it was further hypothesized that these effects would be greater
when external load was distributed to the lower extremities.
3.2 Methods

3.2.1 Study Design
This was a laboratory based, quasi-experimental study. The independent variables
were the loaded conditions (unloaded, central load, and peripheral load). The dependent
variables were the hip and knee kinematics and kinetics during the stance phase of the
transition from descending stair walking to level gait. Specifically, frontal and sagittal
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plane peak knee and hip angle moment and total excursion of the stance phase. In addition,
muscle activity of the gastrocnemius, semitendinosus, vastus lateralis and the vastus
medialis was also studied.

3.2.2 Subjects
Fifteen (5 male; 10 female) apparently healthy, recreationally active, and normal
weight (BMI: 22.3±1.8) participants aged 23.5 ± 3.7 years, with a height of 1.7 ± 4.7 m
and a mass of 63.5±11.2 kg(Table 3.1), participated in this study as previously described
(Walaszek et al., 2017). All research procedures were approved by the university
instructional review board and all participants provided written informed consent prior to
participation in the study.
Table 3.1. Gait characteristics during transition from stair descent to level gait. Data
are presented as mean ± standard deviation. ◦ p < 0.05 v. Unloaded; † p ≤ 0.001 v.
Unloaded; # p < 0.05 v. Central Load; ‡ p ≤ 0.001 v. Central Load.
Unloaded
(UL)
Velocity (m/s)

Central
(CL)

Load

Peripheral Load (PL)

0.983 ± .11

0.933 ± .09*

0.908 ± .09*

61.9 ± 5.5

64.7 ± 5.2

65.1 ± 5.8*

Step width (m)

0.111 ± .03

0.116 ± .04

0.145 ± .04†#

Step length (m)

0.580 ± .08

0.546 ± .07

0.503 ± .09†

Stance phase duration
(% gait cycle)

Table 3.1.
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3.2.3 Procedures
Participants descended a short staircase and transitioned to level ground walking at
a self-selected paced under three conditions: unloaded (UL), centrally loaded (CL), and
peripherally loaded (PL). For CL and PL, participants carried external loads sufficient to
increase their BMI by 5 kg/m2 (Figure 3.1) as previously described (Walaszek et al., 2017).
For CL, external load was carried exclusively on the trunk via a weighted vest. For PL,
the load was distributed 50% to the weighted vest and 25% to each thigh using specially
constructed neoprene sleeves. The weight on the thighs was evenly distributed anteriorly,
posteriorly and laterally (but not medially) around the thigh. All conditions were
randomized and adequate rest was given between conditions. All participants wore the
same type of shoes (Nike Xccelerator) during the data collection to reduce differences due
to footwear.

Figure 3.1. Visual representation of staircase and experimental conditions.
A) Central Load B) Peripheral Load.
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The experimental staircase consisted of three steps (height 16.25 cm; length 27.8
cm) and a platform. No handrail was used but was provided for safety. Data from three
valid trials were recorded, processed, and analyzed for each condition (UL, CL, & PL). A
valid trial was defined as walking down the stairs without stumbling and striking the force
plate on level ground with the self-reported dominant leg. Gait speed was measured with
timing gates (Power systems LLC, Knoxville, TN). One timing gait was placed at the top
of the stairs and the other was placed at the bottom of the stairs after clearing the force
plate. The total linear distance between timing gates was 2.72 ± 0.76 m.

3.2.4 Data Collection
Fifty-four anatomical and thirty-four tracking retroreflective markers were placed
bilaterally on bony landmarks of the trunk, pelvis and lower extremity for the static trial
and motion trials similar to what we have previously described (Walaszek et al., 2017).
Data were collected and processed using Cortex (Motion Analysis Corporation, Santa
Rosa, CA). Three-dimensional data were collected using 10 high speed Motion Analysis
Cameras (Motion Analysis Corporation, Santa Rosa, CA, USA) at a sampling rate of 200
Hz. Force variables were collected using two Bertec force plates (Bertec Corp., Columbus,
OH)3 at 1000 Hz.
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3.2.5 Data Processing
The kinetic data during the UL trial were normalized to participants’ body weight
and height. For CL and PL trials, kinetic data were normalized to body weight plus external
load and height. Joint/segment dynamics were calculated in Visual 3-D (C-Motion Inc,
Germantown, MD). Kinematic data were filtered using a 4th order Butterworth low-pass
filter with a cut-off of 8 Hz. When calculating joint moments, the joint is based on the
segment distal to the joint. Therefore, the hip moments in the PL condition were corrected
for external load placed on the thighs. This was done by adjusting the moment of inertia of
the thigh segment in visual 3-D. The calculated moment of inertia was determined by
adding the original moment of inertia to the calculated adjusted moment of inertia and the
&'

moment arm. The adjusted moment of inertia was calculated as: !" = (!)(() +

+ ' ,-'
.

),

where the ! is the mass of the added weight in kg, / is the axial length of the center of
mass in meters, 0 and 1 are the inner and outer radii of the segment respectively. The
moment arm was calculated for the added weight to the segment, 23 ) where 2 is the mass
of the weight and 3 is the radius of the weight.

3.2.6 Electromyography
Participants were prepared for electromyography (EMG) following SENIAM
guidelines (Hermens et al., 1999). Electrodes were placed on the medial gastrocnemius
(GA), semitendinosus (ST), vastus lateralis VL), and vastus medialis (VM) of the dominant
leg. EMG activity was detected with DE-2.1 single differential surface EMG sensors and
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amplified by a Bagnoli™ 16-channel system (Delsys Inc., Boston, Massachusetts). An
additional ground electrode was placed on the subject’s ipsilateral hand to which the EMG
was placed. Raw EMG data were full wave rectified, filtered with high (10Hz) and low
(350Hz) pass filters and a linear envelop created using a 0.05s RMS sliding window. All
EMG data were normalized to the EMG activity of a maximal voluntary isometric
contraction (MVIC) for each muscle group (Hermens et al., 1999; Tomlinson et al., 2014).

3.2.7 Statistical Analysis
Data are reported as mean ± SD. All data was checked for homogeneity using
Levene’s test for homogeneity of variances. Data was also tested for sphericity using
Mauchly's Test of Sphericity and if violated a Greenhouse-Geiser correction was used.
Statistical comparisons were made by repeated measures ANOVA with α = 0.05 and Tukey
post-test where appropriate using GraphPad Prism version 7.00 for Windows (GraphPad
Software, La Jolla California USA).

3.3 Results

3.3.1 CL and PL differently affect spatial-temporal gait characteristics during transition
from stair descent to level walking
The purpose of this study was to determine if CL and PL differently affect spatialtemporal gait characteristics during stair descent transition to level walking. During UL,
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participants walked at a speed of 0.983 ± .11 m/s. Compared to UL, gait speed was
significantly slower during CL (0.933 ± .09 m/s, p = 0.02) and PL (0.908 ± .09 m/s, p =
0.001) (Figure 3.2A). Additionally, PL (65.1 ± 5.8 %, p = 0.0013), but not CL (64.7 ± 5.2
%, p = 0.097), significantly increased proportion of gait cycle spent in stance phase
compared to UL (61.9 ± 5.5 %) (Figure 3.2B). Furthermore, PL significantly increased step
width (.145± 0.04 m, p =.0003, Figure 3.2C) and decreased step length (0.503 ± 0.09 m, p
< 0.0007, Figure 3.2D) by approximately 20% compared to UL (0.111 ± .03 m and 0.580
± .08 m, respectively). Step width and length were not significantly different between CL
and UL. However, step width in PL (0.145 ± .04 m, p = 0.0187) was significantly greater
than CL (0.116 ± 0.04 m).

Figure 3.2. Spatial-temporal gait characteristics during transition from stair descent
to level gait. A) Velocity (m/s) B) Stance Phase (% gait cycle) C) Step width (m) and D)
Step length (m).
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3.3.2 PL, but not CL, alters frontal and sagittal plane hip and knee kinematics and
kinetics during the transition from stair descent to level walking
Sagittal and frontal plane maximum and minimum hip angles during the transitions
from stair descents to level gait are depicted in Table 3.2 and Figure 3.3. There was
significantly more extension in the UL (-11.82 ± 8.2 °; p = 0.0072) compared to the PL (5.97 ± 11.2 °). There was also significantly more extension in the CL (-12.09 ± 8.0 °; p =
0.0054) compared to the PL (Figure 3.3B). Sagittal plane hip excursion was significantly
lower in the PL (29.85° ± 5.5; p<.001) compared to UL (35.68° ± 6.0) and was also lower
in PL compared to CL (34.81° ± 4.6; p =0.0005) (Figure 3.3C). In the frontal plane, there
is less hip adduction in the PL (3.31° ± 4.2; p= 0.0223) compared to the UL (5.34° ± 3.8)
(Figure 3.3D). Frontal plane hip excursion was significantly higher in the PL (7.87° ± 1.8;
p =.0007) compared to UL (4.54° ± 1.4) and also CL (8.45° ± 1.8 p<.0001) compared to
UL (4.54° ± 1.4) (Figure 3.3E). There were also no significant differences with regard to
peak hip flexion angle (Figure 3.3A) & peak hip abduction angle (Figure 3.3E).
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Table 3.2. Peripheral, but not central, loading alters frontal plane kinematics and
kinetics specifically of the hip during transition from stair descent to level gait. Data
are presented as mean ± standard deviation. * p ≤ 0.05 v. Unloaded.
Unloaded (UL)

Central
(CL)

Load Peripheral
(PL)

Load

Peak Joint kinematics (°)
Knee
Adduction (+)

-4.98 ± 3.6

-4.64 ± 3.4

-5.232 ± 3.2

Abduction (-)

0.289 ± 3.2

0.647 ± 3.1

-0.167 ± 3.4

Excursion

5.30 ± 2.2

5.75 ± 2.6

5.01 ± 2.4

Adduction (+)

5.34 ± 3.8

4.90 ± 3.9

3.30 ± 4.2*

Abduction (-)

-4.82 ± 3.8

-4.84 ± 3.6

-5.23± 3.2

Excursion

10.17 ± 2.6

8.82 ± 2.0

7.77 ± 1.1*

Knee Adduction (+)

-0.031 ± .202

-0.081 ± .212

-0.038 ± .200

Knee Abduction (-)

-0.495 ± .374

-0.281 ± .091

-0.321 ± .120

Hip Abduction (-)

-0.874 ± .299

-0.757 ± .117

-0.773 ± .118

Hip

Peak Joint kinetics (Nm/kg m)

Table 3.2.
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abduction angle (°) F) Frontal plane hip range of motion (°).

Figure 3.3. Sagittal and frontal plane hip kinematics during transition from stair
descent to level gait. A) Peak hip flexion angle (°) B) Peak hip extension angle (°) C)
Sagittal plane hip range of motion (°) D) Peak hip adduction angle (°) E) Peak hip

Sagittal plane peak hip moments as well as frontal plane peak hip moments during
the transition from descending stair walking to level gait are depicted in Figure 3.4.
Compared to UL (0.62 ± 0.13 Nm/kgm; p = 0.0404), and PL (0.64 ± 0.12 Nm/kg m; p =
0.012) peak hip flexion moment was significantly lower in CL (0.57 ± 0.08 Nm/kgm)
(Figure 3.4A). There were no significant differences in fontal plane peak hip moments
between the groups (Figure 3.4C&D).
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Figure 3.4. Sagittal and frontal plane hip kinetics during transition from stair
descent to level gait. A) Peak hip flexion moment (Nm/kgm) B) Peak hip extension
moment (Nm/kgm) C) Peak hip abduction moment (Nm/kgm) D) Peak hip adduction
moment (Nm/kgm).

Sagittal and frontal plane maximum and minimum knee angles during the
transitions from stair descents to level gait are depicted in Table 3.3 and Figure 3.5. There
was significantly more knee flexion in the CL (42.88° ± 4.7; p =0.0258) and PL (42.55° ±
4.3; p =0.0407) compared to the UL (39.34° ± 4.5) (Figure 3.5A). CL (39.94° ± 5.0; p
=0.0444) also had more sagittal plane knee excursion than the UL (36.85° ± 5.6) (Figure
3.5C). There were also no significant differences with regard to peak knee extension angle
(Figure 3.5B), & frontal plane peak knee angles (Figures 3.5D-3.5F).
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Figure 3.5. Sagittal and frontal plane knee kinematics during transition from stair
descent to level gait. A) Peak knee flexion angle (°) B) Peak knee extension angle (°) C)
Sagittal plane knee range of motion (°) D) Peak knee adduction angle (°) E) Peak knee
abduction angle (°) F) Frontal plane knee range of motion (°).
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Table 3.3 Central and Peripheral loading differently affect sagittal plane hip and
knee kinematics and kinetics. Data are presented as mean ± standard deviation. * p <
0.05 v. Unloaded.
Unloaded
(UL)

Central
(CL)

Load Peripheral
(PL)

Load

Peak Joint kinematics (°)
Knee
Flexion (+)

39.34 ± 4.5

42.88 ± 4.7*

42.55 ± 4.3*

Extension (-)

2.33 ± 3.3

3.22 ± 3.4

3.16 ± 4.3

Excursion

36.85 ± 5.6

39. 94 ± 5.0*

39.67 ± 5.8

Flexion (+)

24.05 ± 7.5

23.46± 7.6

23.7 ± 11.21

Extension (-)

-11.63 ± 8.2

-12.09 ± 7.9

-5.97 ± 11.2 *#

Excursion

35.68 ± 6.0

34.81 ± 4.6

29.85 ± 5.5*#

Hip

Peak Joint kinetics (Nm/kg m)
Knee Flexion (+)

0.131 ± 0.06

Knee Extension (-)

-0.619 ± 0.24

-0.583 ± 0.19

-0.746 ± 0.24*#

Hip Flexion (+)

0.623 ± 0.13

0.573 ± 0.08*

0.638 ± 0.12#

Hip Extension (-)

-0.182 ± 0.09

-0.124 ± 0.07

-0.173 ± 0.85

Table 3.3
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0.129 ± 0.06

0.125 ± 0.04

Sagittal and frontal plane maximum and minimum knee moments during the
transitions from stair descents to level gait are depicted in Figure 3.6. Knee extension
moment was found to be was found to be significantly larger in the PL (0.746 ± 0.24
Nm/kgm) compared to the UL (0.619 ± 0.24 Nm/kgm p = 0.0046) and CL (0.583 ± 0.20
Nm/kgm; p = 0.0094) Figure 3.6B). In the frontal plane the peak knee abduction moments
was significantly higher in the UL (0.579 ± 0.21 Nm/kgm) compared to the than the CL
(0.281 ± 0.09 Nm/kgm; p = 0.0005) and PL (0.321 ± 0.12 Nm/kgm; p = 0.0021) (Figure
3.6C). There were no significant differences with regard to peak knee adduction moment
(Figure 3.6D).

Figure 3.6. Sagittal and frontal plane knee kinetics during transition from stair
descent to level gait. A) Peak hip flexion moment (Nm/kgm) B) Peak hip extension
moment (Nm/kgm) C) Peak hip abduction moment (Nm/kgm) D) Peak hip adduction
moment (Nm/kgm)
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3.3.3 PL, but not CL, increases EMG activity of the vastus lateralis during stair descent
Finally, to determine how CL and PL affect skeletal muscle activation during the
transition from stair descent to level walking. As shown in Figure 3.7A, CL (24.4% ± 8.92;
p = 0.011) and PL (25.9% ± 9.2; p = 0.0019) significantly increased mean GA EMG
activity compared to UL (21.1% ± 7.1). There was a significant increase in mean ST EMG
muscle activity in PL (5.53% ± 3.3; p = 0.0330) compared to UL (3.28% ± 1.6) (Figure
3.7B). Neither CL nor PL significantly altered mean EMG activity of the VL (Figure 3.7C).
However, PL (10.72% ± 6.1; p=.001), but not CL (9.08% ± 5.1; p=0962), increased mean
VM EMG activity compared to UL (7.74%) (Figure 3.7D).

Figure 3.7 EMG Mean Muscle Activation (%MVIC) during transition from stair
descent to level gait. A) Mean GA EMG (%MVIC) B) Mean ST EMG (%MVIC) C)
Mean VL EMG (%MVIC) D) Mean VM EMG (%MVIC).
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3.4. Discussion
The major finding of this study is that increasing body mass through the addition
of an external load alters lower extremity kinetics and kinematics in a distribution-specific
manner during the transition from stair descent to level walking. Specifically, it was found
that PL, but not CL, decreased step length, increased step width, and increased proportion
of the gait cycle spent in stance. Additionally, PL reduced peak hip adduction angle,
increased peak hip flexion moment, decreased peak hip extension, decreased sagittal plane
hip excursion, and decreased frontal plane hip excursion. Conversely, CL reduced peak hip
flexion moment and tended to reduce peak hip extension moment. These data suggest that
body mass distribution may be an important determinant of lower extremity joint loading
during the transition from stair descent to level walking. These data are consistent with
our previous findings that central and peripheral loading alter trunk kinematics and lower
extremity muscle activation differently during sit-to-stand and stand-to sit. To our
knowledge, this is the first study to examine the effects of adding mass on hip and knee
kinematics and kinetics during this task.
In this study, both CL and PL reduced gait speed by approximately 5-7%. These
results suggest that increasing body mass per se is sufficient to reduce gait speed during
this task. However, no significant difference in gait speed was noted between CL and PL.
Therefore, it appears that weight distribution may not necessary be detrimental to gait
speed during the transition from stair descent to level walking. Numerous studies have
shown that obesity reduces gait speed during level walking (de Souza et al., 2005; DeVita
& Hortobágyi, 2003; Lai et al., 2008) and stair descent (Spanjaard, Reeves, Van Dieën,
Baltzopoulos, & Maganaris, 2008). However, few (if any) studies have specifically
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examined the role of body mass distribution on spatial-temporal gait characteristics –
especially during stair descent. Here, the PL, but not CL, significantly increased proportion
of gait cycle spent in stance, increased step width, and decreased step length. Importantly,
this gait pattern is consistent with many of the adaptations to level walking in obese
subjects (Lai et al., 2008). The spatial-temporal gait characteristics reported in this study
partially agree with those of Westlake et al. (Westlake et al., 2013) who reported that
increasing thigh mass and/or volume increases step width. However, these authors did not
observe changes in frontal or sagittal plane knee moments with increasing thigh mass or
volume. Messier et al. (Messier et al., 2005a) reported that thigh, but not total, fat mass
was associated with higher knee extension moments in obese adults during level gait.
Therefore, it is possible that increased mass on the lower extremities, but not on the trunk,
is an important contributor to this gait pattern seen in obesity. Combined, these studies
suggest that increases in thigh mass and/or volume may be an important determinant of
obesity-induced spatial-temporal, kinematic, and kinetic alterations of the knee during
walking on level surfaces or stair descent.
Additionally, our data indicate that increasing mass affects frontal plane kinetics
and kinematics of the hip in a distribution-specific manner during the transition from stair
descent to level walking. In the present study, CL did not significantly alter peak joint
angles, excursion, or external moments of the hip or knee. However, PL significantly
decreased peak hip adduction and total excursion and increased peak hip abduction
moment. It is likely that the decreased hip adduction angle contributes to the increased
step width seen with PL. It was previously noted that PL increases stance width during sitto-stand and stand-to-sit (Walaszek et al., 2017). Interestingly, in the present study, the
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increase in step width is not due to physical constraints of adding mass to the medial aspect
of the thighs. During PL, subjects’ thighs were loaded exclusively on the anterior,
posterior, and lateral aspects. Decreased hip adduction angle and increased step width may
function to position the increased mass within the base of support to maintain balance. This
decreased hip adduction angle contributes to the decreased hip excursion and increased hip
abduction moment in the frontal plane.
In the sagittal plane, it is important to note that both CL and PL increased peak knee
flexion during the transition from stair descent to level walking. Consequently, it appears
that increasing mass, but not altering mass distribution, drives increased knee flexion
during this task. Acute loading increases the load-capacity relationship of muscles during
a given task (i.e. working at a greater percentage of maximal strength). Therefore, it is
possible that CL and PL increased peak knee flexion due to an inability of eccentric muscle
actions to limit knee flexion during this activity. It is also possible that excess knee flexion
serves to dampen external moments of lower extremity joints during this task. It is
possible; the dampening effect of increased knee flexion was unable to completely
overcome increased external moments in PL, likely due the fact that excess mass was
located just proximal to the knee joint.
Peak knee extension moment in PL was significantly higher than UL and CL.
Strutzenberger et al. (Strutzenberger et al., 2011) reported higher peak knee extension
moments in obese subjects during stair descent. Therefore, it appears that PL, but not CL,
mimics the effects of obesity on knee extension moments during this task. Therefore, body
mass distribution, rather than mass per se, may be an important determinant of knee
extension moments during stair descent and transitioning to level walking.
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In the present study, hip kinetics and kinematics in the sagittal plane were also
altered in CL and PL. PL, but not CL, increased peak hip flexion and decreased peak hip
extension and excursion. It is likely that this decrease in hip extension contributed to the
decreased step length seen in PL. Interestingly, we noted that CL, but not PL, decreased
peak hip flexion moment and tended to decrease peak hip extension moments. It has
previously been reported that obesity decreases hip extension moments and increases hip
flexion moments (Strutzenberger et al., 2011). Therefore, it appears that our external
loading did not adequately mimic the effects of obesity on sagittal plane moments at the
hip. This may be due to the fact that the load in the current paper was sufficient to increase
body mass index by 5kg/m2. Perhaps a greater external load may be necessary to elicit
these effects on hip moments in the sagittal plane. It has previously been postulated that
spatial-temporal gait modifications serve to reduce joint moments in obesity (DeVita &
Hortobágyi, 2003). It is possible that decreased gait speed was sufficient to decrease peak
hip moments in CL. However, due to the peripheral distribution of mass in the PL
condition, decreased gait speed was unable to reduce peak hip flexion and extension
moments.
DeVita & Hortobágyi (DeVita & Hortobágyi, 2003) found that regardless of
walking velocity, obese individuals walk with a more erect walking posture due to
decreased hip and knee flexion angles during stance. The present study found that PL
decreased total hip excursion in the sagittal plane, which could also contribute to a more
erect posture during this transition task from descending stair walking to level gait. This
pattern that is seen in PL and obesity may be a compensatory strategy that is used to
decrease the metabolic cost of walking in these populations.
55

In addition to altered kinematics, we report that CL and PL increase lower extremity
EMG activity. Both CL and PL significantly increased EMG activity of the GA.
Additionally,
PL significantly increased ST and VM EMG activity. Therefore, it appears that increasing
body mass alone is sufficient to increase GA EMG activity, but peripheral distribution of
mass is required to significantly increase VM EMG activity. Increased VM muscle
activation specifically in PL agrees with those of Abe et al. (Abe, Yanagawa, & Niihata,
2004) who demonstrated that excessive (6kg), but not moderate (2-3kg), loads placed on
the legs increased energetic cost of walking. In the current study, the mean load on the legs
was 6.8kg. Together, these data suggest that excessive loads distributed to the lower
extremities increases energetic cost by increasing muscle recruitment of the quadriceps.
Amiri et al. (Amiri, Hubley-Kozey, Landry, Stanish, & Wilson, 2015) demonstrated that
quadriceps and gastrocnemii EMG activity was prolonged during the stance phase of gait
in subjects who were obese. Our results show that both CL and PL significantly increased
mean GA EMG activity, but that only PL significantly increased quadriceps EMG activity.
Therefore, it appears that body mass alone may be sufficient to increase muscle activity of
the gastrocnemii during stance phase, but that increased segmental mass of the thighs may
drive 249 increased muscle activity of the quadriceps during stance phase.
Combined, our results suggest that peripheral distribution of mass perturbs gait
characteristics and lower extremity kinematics and kinetics to a greater extent than
increasing mass centrally. This conclusion agrees with finding from Abe (Abe et al., 2004)
who found that energetic cost of walking is increased by adding mass to the distal section
of limbs. Similarly, Browning (Browning et al., 2007) and Westlake (Westlake et al.,
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2013) have demonstrated that altering mass and/or volume of the thigh is sufficient to
change gait characteristics during level ground walking. Future research should determine
whether gait characteristics and lower extremity kinematics and kinetics are different
between subjects with central and lower body obesity.
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Chapter 4- Alter G Simulated Weight loss
4.1 Introduction
Obesity caused by weight gain leads to a plethora of increased health risks in both
men and women (; Chan & Woo, 2010; Colditz et al., 1995). In addition, the excess adipose
tissue in obese individuals negatively affects musculoskeletal muscle by altering
biomechanics and muscle activation patterns during activities of daily living, which may
lead to injury or increase risk for osteoarthritis and physical disability (Mcmillan et al.,
2010; Wearing et al., 2006a). Although DeVita et al. (2003), found that obese individuals
adapt to the excess weight by reducing knee joint torques during level walking, this does
not always mitigate effects of obesity on kinetics of lower extremity joints. Therefore,
weight loss is often advocated for obese individuals as this may further reduce joint kinetics
(DeVita & Hortobágyi, 2003). Weight loss has been associated with about a 4-unit
reduction in knee force (Messier, Gutekunst, Davis, & DeVita, 2005b). In clinical terms
this means that for every pound lost there would be a 4 pound reduction in the forces at the
knee joint (Messier et al., 2005b). The first two papers discuss how excess body mass
negatively affects biomechanics of the lower extremity and that this is dependent on
segmental mass. Weight loss is advocated to mitigate this effect. To determine the effects
of reduced body mass per se on improved biomechanics, we need a model that will prevent
associated changes in segmental volume therefore using an AlterG treadmill would
facilitate this method.
Increasing physical activity may benefit all individuals, including those who are
overweight and obese, however it may be challenging for obese individuals to engage in
physical activity due to physical limitations (Simonson, Shimon, Long, & Lester, 2011).
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Therefore, using a reduced weight-bearing activity, such as the Alter Gravity treadmill,
would be beneficial in an obese population to reduce the load on the joints and potentially
decrease the risk of weight bearing injury while maintaining normal gait mechanics.
The AlterG is an anti-gravity treadmill that provides an uplifting force allowing
people to run or walk at a fraction of their body weight while maintaining proper gait
mechanics (Grabowski, 2010; Grabowski & Kram, 2008; Hunter, Seeley, Hopkins, Carr,
& Franson, 2014). Thus, the AlterG provides a system to study the independent effect of
body weight on gait mechanics and muscle activity without confounding variables such as
the changes in body segmental volume that often accompany weight loss interventions.
This treadmill is designed to support the hip girdle region by having the user wear a custom
pair of kayak shorts that attach to a canvas covering the treadmill. This covered area creates
a difference in air pressure known as lower-body positive pressure which is used to reduce
body weight (Mercer, Applequist, & Masumoto, 2013). This treadmill has many different
uses: rehabilitation for recovering from lower-extremity injury, endurance training to
reduce stress injuries in runners, and for special populations such as obese or elderly. As
more body weight is supported, ground reaction forces are reduced (Grabowski & Kram,
2008). Therefore, using the AlterG may be an extremely beneficial tool for an obese
population as it allows them to exercise while reducing the impact with the ground. While
the ground reaction forces are decreased as more body weight is supported in the AlterG,
it is less clear how lower extremity kinematics and muscle activation amplitudes respond
during gait.
There appears to be a relationship between magnitude of muscle activity and body
weight support while walking in the AlterG. The exact role of body mass distribution
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relating to biomechanical adaptations and muscle activation patterns is unclear. Excess
adipose tissue in obese individuals negatively affects skeletal muscle by altering
biomechanics and muscle activation patterns, all of which may lead to injury (Maffiuletti
et al., 2007; Wearing et al., 2006a). Altered gait patterns are observed when comparing an
obese population to normal weight individuals. In order to perform daily functions such as
walking or running, the obese populations are seen to have quantifiable modifications to
gait pattern in comparison to normal weight individuals. Excess adipose tissue in obese
individuals negatively affects skeletal muscle, potentially altering biomechanics and
muscle activation patterns (Maffiuletti et al., 2007). The AlterG decreases forces on the
joints while maintaining relatively normal gait and decreasing EMG activity differences
between the obese and normal.
Previous research has associated increased hip muscle EMG activity with an
increased risk of injury during normal gait (Souza & Powers, 2009). However, very few
studies have analyzed EMG activity during gait in a reduced gravity setting. Hunter et al.
(2014), found that while running at 4.47 m/s, most lower extremity muscles demonstrated
lower EMG amplitudes as more body weight was supported with the AlterG (Hunter et al.,
2014). The quadriceps muscles also had large decreases in muscle activation as more body
weight was supported. At 40% bodyweight support, the average muscle activation of the
quadriceps muscles was about 50% of the full bodyweight support condition (Hunter et al.,
2014). It was also found that there was no change in the hip adductors and hamstrings EMG
amplitudes as more body weight was supported by the AlterG at this speed (Hunter et al.,
2014). These results suggest the AlterG may be an effective rehabilitation tool for many
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lower extremity muscle injuries due to the decreased ground reaction forces and decreased
muscle activity during running.
Collecting kinematic and electromyography gait data measurements often takes
place in a three-dimensional lab based setting with a motion capture system. With this
method, soft tissue artifact and skin movement are two of the most common causes of error,
however, several methods have been proposed to reduce these effects on kinematic
variables (Cappozzo, Catani, Leardini, Benedetti, & Della Croce, 1996; Manal, McClay,
Stanhope, Richards, & Galinat, 2000). In an obese population, this becomes more
problematic due to the bony landmarks of the hips being further from the intended palpable
location and joint centers. In addition, three-dimensional instruments are expensive to
acquire and operate, reducing their feasibility for clinical use. Thus, over time this type of
system has become less common as the data may not accurately reflect functional activities
of daily living (ADLs) as an artificial lab setting with a trained professional may impact
subjects, and the environment, such as stairs, is typically restricted to a few steps.
The aim of the present paper is to describe the methodological approach used for
synchronizing electromyography (EMG) and footswitch data in the AlterG. In order to
accomplish this, the purpose of this study was to validate this methodology by comparing
electromyography data to previous studies on normal and weight assisted gait. A second
purpose of this study was to compare lower extremity muscle activation patterns between
obese and normal individuals at different levels of body support (100%, 75%, 50%) while
walking in the AlterG treadmill.
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4.2 Methods

4.2.1 Study Design
This was a laboratory based, quasi-experimental study. The independent variables
were the two groups obese and normal. The dependent variables were the muscle activity
of the gastrocnemius, semitendinosus, vastus lateralis and the vastus medialis during the
stance phase of gait in the AlterG. In addition, sagittal plane hip and knee kinematics were
also studied.

4.2.2 Subjects
Prior to testing, participants filled out a health history and physical activity
readiness questionnaire to determine if they were able to participate in the research study.
Participants were disqualified if they answered ‘yes’ to any of the questions. Nine (3 male;
6 female) apparently healthy, recreationally active subjects volunteered to participate in
this study. Six participants (2 male; 4 female) were normal weight (23.6 ± 2.0 kg/m2, 22.3
± 1.63 years 1.74 ± 0.09 m, 72.1 ±11.3 kg). Three participants (1 male; 2 female) were
classified as obese (33.4 ± 2.0 kg/m2, 22.0 ± 3.61 years, 1.66 ± 0.13 m, 98.1 ± 15.2 kg).
All participants were clear of any health problems that may compromise their participation
in the study. All research procedures were approved by the University of Kentucky IRB
and all participants provided written informed consent prior to participation in the study.
Participants all verbally indicated that they had no current orthopedic abnormalities or any
lower extremity joint pain during the testing.
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4.2.3 EMG Protocol
To analyze surface electromyography muscle activity, participants were prepared
following SENIAM (Surface electromyography for the non-invasive assessment of
muscles) guidelines (Hermens et al., 1999). The location of each electrode was marked,
shaved, lightly abraded, and cleaned with alcohol. Electrodes were placed on the
semitendinosus (ST), vastus lateralis VL), vastus medialis (VM), and the gastrocnemius
(GA) of the dominant leg. Muscle activity was detected with DE-2.1 single differential
surface EMG sensors and amplified by a Bagnoli™ 16-channel system (Delsys Inc.,
Boston, Massachusetts). The electrodes had a bipolar Ag surface (Delsys Inc., Boston, MA,
USA) with a fixed inter-electrode distance of 10 mm and are 10 x 1 mm. Electrodes were
applied to participants using double-sided tape. An additional ground electrode was placed
on the subject’s ipsilateral hand to which the EMG is placed. The EMG pack was secured
to the subject on their back.
All participants were then asked to perform a series of maximal voluntary isometric
contractions (MVIC) for each muscle group based on SENIAM guidelines (Hermens et al.,
1999). Also, during the MVIC measured testing a previously validated and reliable
handheld dynamometer (microFET2) was used to measure maximal isometric muscle
forces (Figure 4.1). The shank length was measured and torque was calculated 563789 =
:63;9 ∗ shank length then normalized to body weight. Participants were asked to perform
3 of each MVIC tests which lasted 5 seconds with 30 seconds rest in between trials.
Resistance was provided by a stationary belt or the investigator. Verbal encouragement
was used to help reach a maximal contraction.

63

Figure 4.1. Knee extension of handheld dynamometer (microFET2). Measured
maximal isometric muscle forces (MVIC).
4.2.4 Procedures
All of the participants were fitted for the same type of shoes (Nike Xccelerator) in
order to reduce differences due to footwear. As the shoes were being put on, the
participants’ dominant foot was fitted with a footswitch. The footswitch was placed on the
bottom of the foot in the shoe and was used to determine the stance phase of gait. The
stance phase of gait consists of: heel strike, toe strike, heel off, toe off.
EMG and footswitch data were collected using Cortex (Motion Analysis
Corporation, Santa Rosa, CA). A pulse was used for communication between devices to
synchronize the Xsens Inertial Measurement Units, footswitches and EMG data while in
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the AlterG treadmill. The “Trigger” was set to send a signal to Cortex from the Xsens IMUs
at precisely the same time as the Xsens IMUs collect kinematic data the A-D input signals
synchronize to the analog data.

4.2.5 AlterG
All participants were fitted for AlterG shorts (Figure 4.2). Each participant was
zipped into the anti-gravity treadmill (Figure 4.3) and given a familiarization warm-up
period for 5 minutes at a self-selected walking speed at 100% of their bodyweight prior to
testing. This allowed participants to practice gait in a safe controlled environment where
the center of mass (COM) has constant support from the treadmill. For the testing protocol,
participants were instructed to walk at three different each bodyweight support conditions
(100, 75, and 50%) for 2 minutes prior to collection in order to familiarize subject with
each unloading condition. Data were captured for the last 15-seconds of each condition.
The orders of the conditions were not randomized due to collection limitations.
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Figure 4.2. Visual representation of AlterG shorts.

Figure 4.3. Visual representation of AlterG.
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4.2.6 Data Processing and Analysis
At least 10 strides were collected at each condition for each participant. Using
Cortex software (Version 6.2, Motion Analysis Corporation, Santa Rosa, CA), all data
(Kinematic, EMG, and the Footswitches) were synchronized together (Figure 4.4).

Figure 4.4. Visual representation of set up. Custom set up. Synchronizing Delsys
EMG, Alter G, Footswitches and Xsens Inertial Measurement Units.

Visual 3D (C-Motion, Germantown, MD) was used to process EMG data as well
as to export the timing of the stance phase from the footswitches. Each EMG signal was
full-wave rectified and filtered using a 4th order Butterworth 10 Hz high-pass filter and a
350 Hz low-pass filter and a linear envelop created using 50-millisecond root mean square
(Harms et al.) sliding window. EMG linear envelopes were normalized to the average of
the maximum values of two MVIC trials, thus the values were expressed as a percentage
of the MVIC (% MVIC). The MVIC trials were also filtered in the aforementioned manner.
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All EMG data are expressed as a percentage of MVIC (% MVIC) unless otherwise noted.
Stance phase was determined and exported to Excel to be incorporated into a custom
MATLAB (The MathWork Inc., Natick, MA, USA, version 8.6), code used to collect
sagittal plane hip and knee kinematic data from the inertial measurement units.

4.2.7 Statistical Analysis
All data are reported as mean ± SD. All data was checked for homogeneity using
Levene’s test for homogeneity of variances. Data was also tested for sphericity using
Mauchly's Test of Sphericity and if violated a Greenhouse-Geiser correction was used.
Statistical comparisons were made by a 2x3 repeated measures ANOVA between normal
and obese weights at 100%, 75%, and 50% body weight support for each muscle with α =
0.05 and Tukey post hoc-test where appropriate using the Statistical Package for Social
Sciences (SPSS, Version 24) for data analysis.

4.3 Results
The first purpose was to validate this methodology by comparing the collected
kinematic and muscle activation data to previous studies on normal and weight assisted
gait. The EMG results of the 100% condition in this study closely resemble a previous
study analyzing over ground gait in a normal weight population (Winby, Lloyd, Besier, &
Kirk, 2009). This therefore, validates that walking in an AlterG treadmill at 100 %
bodyweight support is similar to normal overground walking.
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Figure 4.5. Mean Muscle Activation as a % MVIC for 100%, 75 % and 50% BW
support in the Alter G during stance phase for normal an obese. Statistical
differences were determined via a 2x3 repeated measures ANOVA A) GA B) ST C) VL
D) VM. Data are presented as mean ± standard deviation. * Obese is significantly
different from Normal (p < 0.05)
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The second purpose was of this study was to compare lower extremity joint
kinematics and muscle activation patterns between obese and normal individuals at
different levels of body support (100, 75, and 50%) while walking in the AlterG treadmill.
Mean EMG activity of the GA, ST, VL, and VM are depicted in Figure 4.5. At 100 % BW
support, mean ST and VM EMG activity were significantly different between the obese
(9.09 ± 2.9% & 13.30 ± 13.1% MVIC, respectively) and the normal (3.63 ± 1.66% & 4.52
± 2.2% MVIC) (p= 0.014 & p=0.047) weight groups respectively. There were also
differences found at 75 % BW support in ST between the obese (9.07 ± 2.3% MVIC) and
the normal (4.05 ± 2.4 % MVIC) (p= 0.027). There were no significant differences in GA
and VL mean muscle activity with change in body weight support. The effect of body
weight support was not significant. Figure 6 shows the ensemble curves for obese and
normal groups. Mean EMG activity for all four muscles between the two groups (obese
and normal) during the three-different body weight support (100% 75% and 50%)
conditions during the stance phase of gait are represented in Table 4.1 and Figure 4.6.
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Table 4.1. Mean muscle activity for GA, ST, VL and VM. All four muscles between the two groups (obese and normal)
during the three-different body weight support (100% 75% and 50%) conditions during the stance phase of gait. Data are
presented as mean ± standard deviation.* p < 0.05

Gastrocnemius

Semitendinosus

Vastus Lateralis

Obese

Normal

Obese

Normal

Obese

100%

8.79 ± 5.29

10.33 ± 2.33

9.09 ± 2.99

3.63 ± 1.66

75%

8.49 ± 2.54

8.54 ± 4.80

9.08 ± 2.31

9.12 ± 6.06

6.80 ± 3.43

8.38 ± 4.11

Vastus Medialis
Normal

Obese

Normal

13.30 ± 13.20 4.52 ± 2.21

16.74 ± 7.90

7.00 ±3.43

4.05 ± 2.41

9.13 ± 8.40

10.09 ± 11.97

12.51 ± 2.77

10.06 ± 7.49

4.44 ± 3.56

8.20 ± 7.31

13.04 ± 20.05

11.20 ± 2.31

10.59 ± 9.62

%
BW
Support

50%
Table. 4.1
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Figure 4.6. Ensemble curves for GA, ST, VL, & VM as a % MVIC for 100%, 75 % and 50% BW support in the Alter
G during stance phase for normal and obese.
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4.4 Discussion
Previous studies have analyzed muscle activation patterns in normal over ground
and/or treadmill walking but there has not been a consensus if EMG is reliable in an obese
population. A primary purpose of this study was to validate this methodology by comparing
the collected kinematic and muscle activation data to previous studies on normal and
weight assisted gait. It appears the similarities in muscle activation patterns previously
exhibited while walking on a treadmill (Lerner et al., 2014) as well as over ground with an
external load (Silder, Delp, & Besier, 2013; Simpson, Munro, & Steele, 2011) compared
with walking in the AlterG in this study validate the methodological approach.
A secondary purpose of this study was to analyze the effects of BMI (obese vs
normal) and body weight support (100, 75, 50% body weight support) on lower extremity
mean muscle activation patterns during gait in the AlterG treadmill. Significant main
effects were observed with the obese group exhibiting significantly greater mean muscle
activation than the normal group for the ST at 100 and 75% BW and VM at 100% BW
support.
Ensemble curves of the muscle activity were produced to observe differences
between the obese and normal group throughout the stance phase of the gait cycle. The
quadriceps and hamstring muscles that were measured in this study follow a very different
pattern between the obese and normal groups. The VL in the first 20% of stance, in the
normal group exhibited peak muscle activation whereas the obese group peaked at the end
of stance. The VM at 100% support had a significantly larger second peak before the end
of stance whereas the other supports (75% and 50%) peaked earlier in stance. External
loading in other studies also had an increase in quadriceps muscle activity similar to this
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study not only in early stance but also in late stance (Silder et al., 2013; Simpson et al.,
2011). At 100% BW support the GA had a different pattern between the normal and obese
groups where the normal group peaked during mid-stance to late stance. Each one of the
unloading conditions followed a similar pattern to the 100% condition obese or normal.
Surprisingly, the within subjects’ effects were not significant indicating that both
obese and normal groups mean muscle activity remain relatively unchanged despite
increase in body weight support. In 2014, Hunter et al. found increases in body weight
support in the AlterG decreased average muscle activation of most lower extremity
muscles. (Hunter et al., 2014). The discrepancy in results may be result of the differences
in tasks (running vs walking). Although it didn’t reach a level of significance the current
study found a trend that mean muscle activation deceased with increased body weight
support in the AlterG. Therefore, the AlterG treadmill may allow an obese population to
workout with less forces placed on the joints and the muscles would still reach the same or
relatively unchanged muscle level due to the lack in differences this study found.
The main motivation for using the AlterG as a weight loss intervention was to keep
subjects’ muscles activated with less force on the joints of the lower extremity. As more
body weight is supported in the AlterG it appears that the mean muscle activity remained
relatively unchanged in both the normal and obese group. When changing force on the
joints, as in unloading, such as in the AlterG, without changing the volume of the person,
the muscles that are not impacted by gravity such as the hamstrings and adductors should
not exhibit a decrease in muscle activation with increased body weight support. To the
authors knowledge this is the first study to isolate weight reduction in the AlterG in an
obese population. The current study only evaluated stance phase and there may be potential
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differences if muscle activation was evaluated throughout the entire gait cycle. Other
differences may also be seen if the area under the curve of the muscle activity was
evaluated. Thus, being able to compare the total muscle activation not just the mean muscle
activation.
Future research should compare a standardized speed looking at perceived exertion
between the obese and normal group across conditions, to see if the groups have similar
muscle activity and oxygen uptake responses at 100%, 75%, and 50% BW support
conditions in the AlterG. Future research should also investigate using IMUs throughout a
resistance training program in an obese population and for functional tasks which could
eventually lead to the use of IMUs in a clinical population. Being able to monitor
biomechanical progress would also be beneficial before and after Bariatric Surgery as
research in this area of biomechanics yet to be studied.

4.5 Conclusion
The methodology that was described in this paper is necessary to measure EMG,
future work should measure joint motion in the AlterG using IMUs instead of motion
capture to allow obese participants to walk and potentially train with less forces on their
joints. Based on the results of this study, the first hypothesis was partially accepted. There
were significant differences in muscle activity as more body weight was supported between
obese and normal in the ST and VM at 100% BW support and ST at 75% BW support. The
second hypothesis was rejected. This was surprising as a previous study showed decreases
in most lower extremity muscles during running (Hunter et al., 2014). Walking may not be
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a demanding enough of a task to elicit significant changes in muscle activation despite the
reduction in body weight support. The positive pressure from the AlterG remains a
promising and beneficial tool used to help increase functional activities of daily living in
an obese population.
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Chapter Five- Summary and Conclusion
It has been found that obesity negatively affects biomechanics and muscle
activation patterns during gait and descending stair walking, which may lead to chronic
musculoskeletal disorders, such as osteoarthritis and physical disability. The Biomechanics
of the hip and knee in the frontal and sagittal planes were studied extensively in this body
of work. The studies performed in this research project have provided evidence of this
statement, by comparing and contrasting obese to normal and two simulated weight gain
conditions (CL and PL). This is one of the first biomechanical studies to model obesity
during the stance phase of gait and other ADLs activities.
Comparisons between the two loading conditions revealed there seem to be more
similarities between the OW and the CL (sagittal plane knee and hip excursion, and peak
hip flexion moment and extension moment). There were also similarities observed between
the OW and the PL that prove to be just as important (step length, flexion moment and
extension moment). These results support the idea that obesity can be modeled with an
acute external model either centrally or peripherally. This study only analyzed discrete
variables, specifically peak joint angles and moments. Future studies should analyze nondiscrete variables. It appears that the data are phasic and a more continuous variable
analysis may reveal more similarities between the loaded conditions and the obesity group
specific. More specifically, a continuous variable analysis may show that the loaded
conditions mimic obesity at certain phases of stance, but not the entire stance phase.
Overall, the model that was proposed does mimic obesity during gait in certain conditions.
During the transition from walking down the stairs to level gait it was found that
CL and PL affect temporal spatial variables differently. Similar to Lai at al., during level
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gait, although the stairs are in a fixed location the PL decreased step length by about 20 %
compared to the UL condition and increased step width trying to increase stability (Lai et
al., 2008). During descending stair walking the PL decreases the knee abduction moment
compared to UL. This result is similar to the decrease in knee abduction moment that is
seen in with obese during level gait (DeVita & Hortobágyi, 2003). Obese subjects didn’t
necessarily walk with increased joint moments due to the increase in in body weight.
Rather, they may have decreased joint moments because of the increase in step width,
decrease in step length and external hip rotation resulting in a toe-out gait. Overall, this
leads to decreased velocity which decreased joint moments. Additionally, the PL but not
CL increases EMG activity of the vastus lateralis during the transition from stair descent
to level gait. The results of the descending stair walking paper suggest CL more closely
resembles UL. The PL was found to compromise gait characteristic and lower extremity
muscle activation, kinematics and kinetics to a greater extent than CL.
The last part of this dissertation was a comprehensive understanding of instrumental
and methodological issues related to the estimate of joint kinematics and electromyography
data when collecting such data synchronized in the Alter G between obese and normal
weight individuals. The EMG data demonstrated that mean muscle activation patterns
between obese and normal in the Alter G were significantly different between the ST at
both the 100 % and 75 % BW support conditions and the VM at the 100% BW support
condition. No differences in GA and VL mean muscle activity with change in body weight
support. This may suggest that as you are increasing body weight support in the AlterG
the muscles are able to stay activated placing less force on the joints. In the future it would
be important to analyze the kinematic patterns between the two groups as the body weight
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support is increased. The goal would be for the obese group to walk with a similar pattern
as the normal weight group and to keep the kinematic pattern unchanged. This may further
support AlterG as an exercise training or rehabilitative tool for obese individuals.

Conclusion
Study 1 hypotheses was that the simulated obese PL group would more closely
mimic obesity during level gait. This hypothesis can be partially accepted since it was
observed during gait the PL more closely mirrored the obese group in step length, flexion
moment and extension moment while the CL more closely mirrored the obese group in
sagittal plane knee and hip excursion, and peak hip flexion moment and extension moment.
Study 2 hypothesis was that compared to the OW, adding mass would elicit
kinematic and kinetic alterations similar to those previously reported in obesity. It was
further hypothesized that these effects would be greater when external load was distributed
to the lower extremities. As expected in study 2, when compared to the obese group PL
walked with shorter and wider steps while increasing time spent in stance. Additionally,
PL group had reduced peak hip adduction angle, increased peak hip flexion moment,
decreased peak hip extension, decreased sagittal plane hip excursion, and decreased frontal
plane hip excursion. Compared to the obese group, CL group had reduced peak hip flexion
moment and tended to reduce peak hip extension moment. Based on these results during
gait it seems that the CL condition is more similar to the obese than the PL. Therefore, we
can accept the hypothesis that the effects would be greater when external load was
distributed to the lower extremities.
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Study 3 hypotheses were that muscle activity would be increased for the obese
group compared to the normal group, and that muscle activity would decrease as body
weight support increased for both the obese and normal weight groups. Both hypotheses
were rejected as there were no significant differences in muscle activation between groups
(obese vs. normal) and between conditions (100% vs 75% vs 50% BW support). Walking
may not be a demanding enough of a task to elicit significant changes in muscle activation
between obese and normal and despite the reduction in body weight support. The positive
pressure from the AlterG remains a promising and beneficial tool used to help increase
functional activities of daily living in an obese population.

Recommendations for Future Research
While the overall results of this have reveled differences between normal weight,
obese and simulated obese (CL and PL) there is still potential to look at other variables not
examined in these studies. Looking at the entire gait cycle and not just stance would allow
more comparisons between previous research. In addition, the looking the timing of events
and not the peaks would provide additional information about the timing of the peaks and
at what percent in the cycle they are happening. It would also be useful for future studies
to look at loading rate, and angular impulse between groups of the different activities of
daily living.
Combined, the overall results of this dissertation suggest that weight gain is able to
be modeled but is variable and task specific. The CL has proven to be the weight gain
model in which elicits a biomechanical obese response when normal weight individuals
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wear. Further work is needed to understand how to truly mimic obesity with an external
load.
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Appendix A: Inertial Measurement Units
A fairly new way to collect kinematic data comes from using inertial measurement
units (IMUs). Most IMUs are a combination of an accelerometer and gyroscope as a
wearable sensor with between 3-6 degrees of freedom in an attempt to prevent drift.
Accelerometers use the acceleration due to gravity by sensing the vertical and local
directions. Magnetic Sensors provide stability in the horizontal plane by sensing the
direction of the magnetic field of the earth (Roetenberg, Luinge, & Slycke, 2009). IMUs
are becoming popular among the clinical population because they allow for patients to
perform tasks more naturally (Picerno, Cereatti, & Cappozzo, 2008). Inertial sensors are
used by researchers in a wide range of applications as an alternative to conventional
movement analysis systems. One type of IMU, Xsens Motion Technologies, (Xsens, 2010)
use six degrees of freedom force and moment sensors in combination with miniature
inertial sensors to estimate joint moments. With these inertial sensors, kinematic data can
be calculated which allows for tracking of dynamic motion. Motion capture in the AlterG
is difficult due to the small field of view, reflective side panels and the kayak shorts in
which cover the pelvis and thigh segments. Instead IMUs can be used to collect kinematic
data of the lower extremity.
The aim of this appendix is to describe the methodological approach used for
synchronizing electromyography (EMG) and kinematic data in the AlterG by means of
wearable inertial sensors. This is to provide the reader with a comprehensive understanding
of all the instrumental, and methodological issues related to the estimate of joint kinematics
when collecting data with such technology. In order to accomplish this, the purpose of this
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study was to develop the methodology necessary to measure joint motion in the AlterG
using IMUs instead of motion capture.

Methods
Inertial Measurement Units
While in the AlterG, hip and knee kinematics were tracked using wireless Inertial
Measurement Units (IMUs) (Xsens Technologies, Enschede, Netherlands) attached to the
subject’s dominant leg with Velcro wraps. The sensors were located on the pelvis, distal
lateral thigh, and lateral malleolus. The shank and knee IMU are aligned with the joint axis.
The sampling rate of the inertial units were 60 Hz. Sensors placed on the pelvis and the
thigh measured rotations of the pelvis and sagittal plane hip movements. The sensors that
were placed on the thigh and lateral knee measured sagittal plane knee movements. The
Xsens MTw™ system is a miniature wireless inertial measurement unit system
incorporating 3D accelerometers, gyroscopes, magnetometers, and a barometer.
A static measurement was taken when the subject was in place on the treadmill;
this determines the initial orientation or the anatomical coordinate system of the sensors.
This information was then used to reorient the motion trials to collect measurements to a
predetermined reference frame. This corrects the orientation and assumes that no further
orientation changes are made to the IMUs during motion. This is followed by the motion
trials in the AlterG. To establish the forward kinematics model, the leg is thought of as a
two-joint model hip and knee with the three-dimensional Cartesian reference frames
assigned to each joint.
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For the sensor on the shank placed on the distal lateral malleolus lined up with the
bone the following sample commands with the thigh sensor lined up with the femur created
a knee joint. Start by importing the data from the shank file into MATLAB. Extract only
the numerical data (9 matrix columns) from the shank file that was imported. Next set the
initial angles as zero: ! #$%&'()*%+ (1) = 0; (sets the x as zero), 2 #$%&'()*%+ (1) = 0;
(sets the y as zero) and 3 #$%&'()*%+ (1) = 0; (sets the y as zero). Then created a loop (for
i=2: SIZE (1) this will iterate through every row (time point) of the matrix. The next step
will generate the rotation matrix for the current time point and the rotation matrix for the
previous time points, see below for a sample.

[$%)4)*%+(*, 1)
$%)4)*%+54)$*! = $%)4)*%+(*, 4)
$%)4)*%+(*, 7)

$%)4)*%+(*, 2)
$%)4)*%+(*, 5)
$%)4)*%+(*, 8)

$%)4)*%+(*, 3);
$%)4)*%+(*, 6);
$%)4)*%+(*, 9)]

Equation 1: Rotation matrix for the current time point.

[$%)4)*%+(* − 1,1)
$%)4)*%+54)$*!1 = $%)4)*%+(* − 1,4)
$%)4)*%+(* − 1,7)

$%)4)*%+(* − 1,2)
$%)4)*%+(* − 1,5)
$%)4)*%+(* − 1,8)

$%)4)*%+(* − 1,3);
$%)4)*%+(* − 1,6);
$%)4)*%+(* − 1,9)]

Equation 2: Rotation matrix for the previous time point.
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The next step will be to take the two matrices that were just created and multiply
them together. The current time point rotation matrix is multiplied by the previous time
point

rotation

matrix

resulting

in

the

relative

rotation

between

the

time

points $%)4)*%+ 54)$*! $'B4)*C' = $%)4)*+54)$*! ∗ $%)4)*%+54)$*!1. Then convert
this to a vector $ = C$$%)54)2C'(($%)4)*%+54)$*!$'B4)*C').
The next steps are to set up the rotations since the last time point. Use an identity
matrix.
! = [1 0 0];
2 = [0 1 0;
3 = matrix
[0 0used
1];to extract the relative x, y and z
Equation 3: Identity
rotations since the last time points.

Then

take

the

relative

rotation

vector

which

was

saved

by

using $$%)4)*%+54)$*!(*, : ) = $(4) × [$(1) $(2) $(3)]. In this next step use the dot
product to calculate the current x, y or z angles with the equation relative x, y or z rotations
since the last time point plus the last x, y or z angle at last time point. See below for
example.

!#$%&'()*%+ (* ) = G%) ($$%)4)*%++ (*, : ), ! ) + !#$%&'()*%+(* − 1);
2#$%&'()*%+ (* ) = G%) ($$%)4)*%++ (*, : ), 2) + 2#$%&'()*%+(* − 1);
3#$%&'()*%+ (* ) = G%) ($$%)4)*%++ (*, : ), 3) + 3#$%&'()*%+(* − 1);

Equation 4: The x, y and z projection calculate current x, y and z angles
with equations "relative x, y and z rotations since last time point plus x, y and z
angles at last time points for each.”
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The next step is to take and convert the x, y and z projections from radians to
degrees. To do this the x, y and z projections must be multiplied by 180/pi respectively.
All of the previous commands are then completed for the thigh and the pelvis sensors.
Import any additional data to MATLAB that is needed for the footswitches for timing of
the commands the heel strike and toe off data. Interpolate the data to normalize to the stance
percentage. Export the data to excel.
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Sample Data Figure A1. Shows the Ensemble curves for obese and normal groups
kinematic data. The hip and knee sagittal plane data in the AlterG treadmill during stance
phase of gait.

A

B
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Appendix B: Literature Review

Obesity epidemic
Obesity is complex, multifactorial, and is largely preventable disease which affects
over a third of the world’s population (Hruby & Hu, 2015). From 2009-2010, 35.7% of
United States adults were classified as obese (Ogden, Carroll, Kit, & Flegal, 2012). In
2016, the World Health Organization (WHO) and the National Institute of Health reported
that there were more than 1.9 billion adults aged 18 years and older who were overweight
and over 650 million adults of these were considered obese (Ogden et al., 2016).
Furthermore, in 2016, 39% of adults were considered overweight (39% of men and 40%
of women) and about 13% of the world’s population (11% of men and 15% of women)
were obese (Ogden et al., 2016). This supports the idea that obesity is not an issue only in
the United States; it is considered a worldwide health epidemic (Ogden et al., 2012).
Obesity was once considered a high- income country problem, but is now on the rise in
low and middle income countries (Organization, 2000). Typically, obesity is a larger issue
in urban settings. Many obese adults begin developing joint pain and discomfort which
eventually leads to musculoskeletal issues. In the United States alone, the economic costs
associated with musculoskeletal disorders in 1992 was estimated to be 149 billion dollars
(Asche et al., 1996). This has only increased with time. In 2007 Yelin et al., reported that
in 2003 the spending on arthritis and other rheumatic conditions was $321.8 billion, a
substantial increase from the $233.5 billion reported in 1997 (Yelin et al., 2007). Cost are
not increasing but the number of people with these musculoskeletal conditions are
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increasing. The personal and financial costs associated with musculoskeletal conditions are
substantial (Wearing, Hennig, Byrne, Steele, & Hills, 2006b).
The increase in obesity is a worldwide health concern because it leads to other
health risks such as: cardiovascular disease, diabetes, stroke, hypertension, osteoarthritis,
and some forms of cancer (Visscher & Seidell, 2001). The rise of obesity is consequently
leading to an increase in these preventable diseases (Visscher & Seidell, 2001; Wang,
McPherson, Marsh, Gortmaker, & Brown, 2011).
Excess weight gain in the form adipose tissue can occur from consuming an excess
of calories, which over time can lead to obesity (Mastaglia et al., 2012). The location of
adipose tissue may be a determinant of certain health risks and biomechanical adaptations.
There are two different classifications of adipose tissue (visceral and subcutaneous).
Visceral adipose tissue is typically seen in the trunk region and commonly known as central
obesity because of the location of the fat mass. Subcutaneous adipose tissue is typically
distributed to the extremities and commonly known as peripheral obesity (Fox et al., 2007).
Central obesity has been associated with an increased risk of metabolic and cardiovascular
diseases (Foster et al., 2010; Fox et al., 2007), which may lead to increased risk of diabetes
(Lemieux et al., 1996; Tomlinson et al., 2014). Peripheral obesity has been found to play a
protective role against cardiovascular and metabolic disease (Snijder et al., 2004). The
distribution of body fat has been found to be gender specific. Men are typically seen to gain
weight in the abdominal region known as android fat whereas women gain gynoid fat in
the femoral gluteal region (Mastaglia et al., 2012). Although having a lesser influence on
mortality, musculoskeletal disease related to obesity is a major link to pain and discomfort
(Wearing et al., 2006b). Sturmer et al. (2000) reported a strong association between obesity
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and bilateral knee osteoarthritis but no association with obesity and hip osteoarthritis
(Sturmer et al., 2000). Other studies have reported obesity to be a preventable risk factor
of osteoarthritis not only in the knee but also in the hip (Visscher & Seidell, 2001).
Walking is a popular and convenient form of physical activity that holds great
promise for weight management (Browning & Kram, 2007b). Mobility, often expressed
and measured through walking, is a critical component of daily living and well-being
(Hills, Hennig, Byrne, & Steele, 2002). Walking, or gait, consists of an adaptive cycle of
balance and lower limb movement (Hills et al., 2002). Balance is defined as the ability to
keep the body's center of mass (COM) within the limits of the base of support (Bosco,
Tihanyi, Komi, Fekete, & Apor). This is a requirement for many functional activities of
daily life such as mobility and to avoid falling. In order for someone to walk they must
have a certain level of balance. It has not yet been clearly determined if these gait changes
are a normative adaptation to promote mobility to mimic the gait of normal weight
individuals (Hills et al., 2002).

Gait patterns and changes in Normal vs Obese
According to Winter (1995), the sole purpose of walking is to transport the body
safely and efficiently (Winter, 1995). There are two basic requirements of effective gait.
One is to support movement and the second is to maintain balance in order to prevent
falling (Sparrow & Tirosh, 2005). When initiating gait, balance can be compromised while
maintaining movement either forward or backward and when terminating gait (Sparrow &
Tirosh, 2005). In addition, when initiating gait, limb motion is based on the need to
maintain a symmetrical, low amplitude displacement of the center of gravity of the head,
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arms, and trunk in the lateral and vertical directions (Sparrow & Tirosh, 2005). Gait varies
between individuals and each step is slightly different. Therefore, gait is comprised of a set
of complex body movements through a dynamic interaction of the internal and external
forces (Sacco & Amadio, 2000).
A total gait cycle is defined as heel strike to heel strike on the same foot (Perry &
Davids, 1992). Each gait cycle is primarily divided into two different phases, stance and
swing. Stance is the term for the entire period in which the foot is on the ground, generally
this is the first 58-61% of the cycle. Stance is divided into three sections: initial double
stance, single limb support and terminal double stance. Swing is the period in which the
foot is in the air for limb advancement where the foot is off the ground, this phase is about
the last 39-42% of the gait cycle (Winter, 1984). Each stride contains eight functional
patterns, which make up one entire gait cycle. During single leg stance phase, a single limb
supports the entire body weight. The phases of a gait cycle are put together to accomplish
3 basic tasks: weight bearing, single limb support and limb advancement (Perry & Davids,
1992). As cadence and velocity of walking increase, both stance and swing phase times
decrease (Grieve & Gear, 1966).
It has been shown that obese gait is different from normal weight participants’ gait.
In 2008, Lai, Leung, and Zhangm, documented that adults who are obese change their gait
pattern compared to normal weight participants (Lai et al., 2008). Temporal-spatial
changes in the gait of obese adults include walking with a shorter step length and an
increase in step width, which results in a slower self-selected speed (McGraw et al., 2000;
P. Spyropoulos, J. C. Pisciotta, K. N. Pavlou, M. Cairns, & S. R. Simon, 1991). At a
walking speed of 1.25 m/s obese typically spend 65% of the gait cycle in stance, whereas
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normal weight individuals spend 62% in stance (Browning & Kram, 2007b). It was also
found that at the same walking speed that obese spend 30% of the cycle in double support
and normal weight individuals spend 23% in double support (Browning & Kram, 2007b).
As the obese individual adapts they are intentionally altering their gait to model the walking
gait of normal weight gait, therefore step length is commonly compromised (Nantel et al.,
2006). Browning and Kram, 2007 found step length again at 1.25 m/s to be 1.37 m for
obese and 1.35 m for normal (Browning & Kram, 2007b). It was also found that obese
individuals, gait pattern will be modified from normal weight individuals by increasing the
total time of the gait cycle (Nantel et al., 2006). Individuals compensate for excessive body
weight by reducing the forces placed on the knee by decreasing knee flexion when walking
(Nantel et al., 2006). In order to do this, they take smaller steps, decrease self-selected
walking velocity, increase double support time and decrease knee range of motion (Hulens,
Vansant, Claessens, Lysens, & Muls, 2003). Thus, the peak ground reaction forces in an
individual’s walking gait are found to be different among normal weight and obese
individuals (Nantel et al., 2006).
Walking is a very different activity for someone who is obese than for a normal
weight individual (Hills et al., 2002). One of the earliest indications of impaired gait is a
decrease in self-selected walking velocity (de Souza et al., 2005; DeVita & Hortobágyi,
2003; Lai et al., 2008). General stride characteristics of obese individuals are significantly
different than they are at standard speeds (DeVita & Hortobágyi, 2003). In 2003, DeVita
and Hortobágyi found that obese individuals tended to walk at a 16% slower velocity with
a 7% shorter step length, and an 11% lower step rate at the self-selected speed than normal
weight individuals (DeVita & Hortobágyi, 2003). When forced to walk at the same velocity
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as their normal weight counterparts, DeVita and Hortobágyi found that the obese group
had a 5% shorter relative swing phase and a 3% longer relative stance phase (DeVita &
Hortobágyi, 2003).
Lai, Leung, and Zhangm, 2008 have also shown that adults who are obese change
their gait pattern (Lai et al., 2008). Variations in gait in order to promote balance and
movement are presumed to occur around a normative value, and are in response to changes
in internal and external stimuli (Hills et al., 2002). Collectively, these alterations in gait
have been understood as representing an underlying instability in obese, with a slower
walking speed and longer period of double support thought to assist with the maintenance
of dynamic balance (Wearing et al., 2006b). Obese individuals spend more time during
their gait in the stance phase (Lai et al., 2008). This directly leads to less time being spent
in the swing phase and step phase of the gait (Lai et al., 2008). As the participant adapts
and tries to model the walking gait of a normal weight individual, step length is commonly
decreased. Depending on the individual and the level of obesity, one or both of these
modifications may be seen again causing the obese individual to take smaller steps
Kinematic modifications in obese adults include walking with a shorter step length
and an increased step width in order to adapt and maintain similar velocities of normal
weight adults (Nantel et al., 2006). In 2003, DeVita and Hortobágyi also reported that obese
subjects adopt a more erect posture by walking with less knee flexion, but exhibit greater
ankle flexion when compared to normal weight individuals (DeVita & Hortobágyi, 2003).
Wearing et al. (2006) found that body mass is the primary determinant of energy
expenditure during self-selected gait. Obese individuals typically have greater energy costs
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at preferred walking speeds when compared to normal weight individuals (Wearing et al.,
2006b).
Based on Newton’s Laws of Motion, obese individuals will experience greater
loads on their joints than normal weight individuals, and these loads increase as walking
speeds increase (Browning & Kram, 2007b). The forces that cause motion or the forces
acting on a system are referred to as joint kinetics (Houglum & Bertoti, 2011). Specifically,
these forces are ground reaction forces, joint moments, or joint powers (Houglum &
Bertoti, 2011). External forces are produced by ground reaction forces, gravity and inertia
(Houglum & Bertoti, 2011). Internal forces are produced by muscles and ligaments
(Houglum & Bertoti, 2011). Typically, ground reaction forces are measured with a force
plate (Rose & Gamble, 2005). Gait is measured by a simultaneous collection of joint
kinetics (Houglum & Bertoti, 2011). During healthy gait, ground reaction forces are
exerted by the ground on the foot during contact (Rose & Gamble, 2005).
During walking, two different types of energy transfer are observed: the exchange
between potential and kinetic energy and the transfer of energy between one limb segment
and another (Inman, Ralston, & Todd, 1981). The most obvious difference in energy
transfer is seen with the movement of the trunk. The shoulder girdle twists against the
pelvis in the opposite direction which stores potential energy as tension in the elastic
structures. This potential energy is then converted to kinetic energy as the trunk untwists
and then converts back to potential energy as the trunk twists back to the original position.
In a study done by de Carvalho, Figueira Martins, and Teixeira (2012), it was
demonstrated that obese subjects experience greater difficulty in adapting to speeds of
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walking outside their normal speed (de Carvalho, Martins, & Teixeira, 2012). Their
resultant gait cycle was found to have a greater stance phase, asymmetries were also found
in the lower limbs in the rectus femoris and gastrocnemius at all 3 walking speeds (normal,
slow and fast)(de Carvalho et al., 2012). It has previously been suggested that walking at
self-selected speed is the most comfortable and efficient in respect to energy waste,
obtaining minimum muscle activation when compared to fast or slow speeds (Milner,
Basmajian, & Quanbury, 1971). Browning & Kram, 2007 measured obese and normal
weight individuals’ ground reaction force (GRF) at different walking speeds from 0.05 m/s
very slow to 1.75 m/s an intense work out for the obese group (Browning & Kram, 2007b).
At each walking speed, peak vertical GRF values were approximately 60% greater for
obese versus normal weight group (Browning & Kram, 2007b). Walking at a slower speed
reduced the ground reaction forces and net muscle moments in obese people (Wearing et
al., 2006b). This adaptation may be a strategy for decreasing on the effect of loading on
the joints (Browning & Kram, 2007b). For all individuals, regardless of size and shape, a
comfortable self-selected speed of walking has been found to be less variable than any
standard walking speed (Browning & Kram, 2007b).

Interpretation of lower extremity joint moments during gait
Joint kinetics, specifically ground reaction forces, joint moments, or joint powers,
play a crucial role on each joint during gait. During healthy gait, ground reaction forces are
exerted by the ground on the foot during contact (Inman et al., 1981). Net joint moments
represent the cause of motion of the skeletal system. All muscle actions must be opposite
the action of the external forces to accelerate the segment (Winter, 2009). During the first
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part of the swing phase of gait, the hip flexor moment (eccentric) first prevents posterior
rotation of the thigh followed by an immediate hip flexor moment (concentric) which
brings the thigh forward to prepare for foot contact (Vaughan & Kim, 1989). During late
swing, the hip moment is initially slowing forward motion of the thigh and allowing for
hip extension and then flexion (Vaughan & Kim, 1989). During stance, the hip moment is
utilized to minimize the breaking force, and then the flexor moment is used in late stance
to slow the thigh to assist in trunk rotation at toe-off (Vaughan & Kim, 1989). At the hip
in the frontal plane, there is a net abductor moment, which controls the ‘drop’ of the hemipelvis on the contralateral side (Perry & Davids, 1992). This is done by eccentrically
contracting the hip abductors in early stance, resulting in power absorption (Perry &
Davids, 1992). By mid-stance the hip abductors are concentrically contracting, the
contralateral pelvis begins to rise, therefore leading to power generation (Perry & Davids,
1992).
Schache and Baker, 2007 reported sagittal, frontal and transverse plane joint
moments for the hip, knee and ankle during level walking of a healthy, able-bodied
population (Schache & Baker, 2007). Frontal and transverse moments were more sensitive
to a change in reference frame than the sagittal plane moments (Schache & Baker, 2007).
Duda et al., 1997 determined that during stance phase, the static position during single leg
support places the most stress on the hip joint (Duda, Schneider, & Chao, 1997). Nantel et
al., 2006 found that obese children shifted from an extensor moment to a flexor moment
earlier in stance compared to healthy weight children (Nantel et al., 2006). This could be a
modification to decrease the mechanical work done by the hip extensors and increase the
work done by the hip flexors, but may also protect the hip joint from injury (Nantel et al.,
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2006).
The main biomechanical role of the knee joint is to allow for movements and
transmit, absorb, and redistribute forces during motion. During a weight bearing activity
such as gait, the knee flexes during the stance phase due to gravity. Knee extensor activity
is then required to control knee flexion; this is referred to as the external knee flexion
moment. The internal knee extension moment initially aids in shock absorption but then
concentrically propels the body forward (Vaughan & Kim, 1989). Compared to normal
weight counterparts, those who are obese tend to develop joint space narrowing of, and
greater loading of, the medial compartments of the knee joint (Felson, Goggins, Niu,
Zhang, & Hunter, 2004). At foot contact, the ground reaction force is generated at the foot
and passes medially to the knee joint thus causing the moment arm to increase as the knee
goes into varus or abduction, which then increases the magnitude of the adduction moment
(DeVita & Hortobagyi, 2000; Dumas & Cheze, 2008). Studies have attempted to reduce
the external knee adduction moment with orthotics, braces, and gait alterations decrease
the medial compartment loading (Dumas & Cheze, 2008; Felson et al., 2004; Kutzner,
Trepczynski, Heller, & Bergmann, 2013; Walter, D'Lima, Colwell, & Fregly, 2010).
The knee attempts to reduce the external adduction moment by using the minimum
amount of energy required from the muscles (Hay, 1978). The knee adduction moment
comes from the magnitude of the ground reaction force multiplied by the distance from the
center of rotation (Koch, 1917). During level walking gait, similar to the motion of the hip
in the frontal plane, the knee and ankle demonstrate adductor moments throughout stance
phase and the moments come from the muscles(Perry & Davids, 1992). Normal individuals
will have a peak adduction moment between 0-20 % of the gait cycle and will have a second
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peak during push off. The knee adduction moment is a direct measure of the medial
tibiofemoral contact force. This force passes medially to the knee joint center, creating a
force vector that determines the magnitude of the knee moment (Schipplein & Andriacchi,
1991).
During gait there is a brief dorsiflexion moment that controls impact (Vaughan,
1996). Throughout the remainder of foot strike, there is a plantar flexion moment that
initially controls the forward rotation of the tibia and also helps with shock absorption
(Vaughan, 1996). For the rest of stance, the plantar flexion moment propels the body
forward. During running, midfoot strikers show an immediate plantar flexion moment
(Vaughan, 1996). When comparing normal weight and obese individuals, DeVita and
Hortobagyi (2003) found that obese individuals walk with a greater support moment due
to a larger ankle plantar flexor moment (DeVita & Hortobagyi, 2000; McGraw et al., 2000).
Similar to obese adults, obese children exhibit increased ankle plantar flexor torques
(McGraw et al., 2000). During level walking, the ankle exhibits an adduction moment
through stance and as a result generates a small amount of power (Zabala, Favre, Scanlan,
Donahue, & Andriacchi, 2013).

Calculating lower extremity joint moments during gait
In biomechanics, models of human motion typically consist of a set of rigid body
segments that are connected at joints (Hof, 1992). In order to study how certain activators
contribute to movement, the musculoskeletal system is modeled and these models can be
used to create a rehabilitation program (Hoy, Zajac, & Gordon, 1990). When using link
segment models, several assumptions are made: the segment has a constant mass that can
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be represented by a point mass at the center of mass, the center of mass, length, and moment
of inertia all remain constant during movement, and that adjacent segments are connected
with frictionless joints (Hof, 1992; Winter, 2009; Winter & Robertson, 1978). With these
assumptions, inverse dynamics uses specific equations to solve for the net forces and
moments of the joints in the musculoskeletal system. When using inverse dynamics, the
forces and moments of each joint are determined from measured motions using equations
of motion. Newton’s second law is used linearly (SI = 54) to solve for joint reaction
forces and angularly (SJ = Ka) to solve for muscle moments (Oatis, 2009).
Inverse dynamics are used to calculate joint moments and powers (Whittle, 1996).
When using an inverse dynamic analysis, the goal is to be able to calculate the net joint.
The forces acting on the link segment model are gravitational forces, external forces
muscular and ligamentous forces, as well as joint reaction forces (Robertson, Caldwell,
Hamill, Kamen, & Whittlesey, 2013; Winter, 2009). Gravitational forces are those which
act in the downward direction on the segment center of mass. External forces are
determined by a force plate measuring the center of pressure and the forces around it
(ground reaction forces). Muscular and ligamentous forces are characterized by the net
joint muscle moment. Lastly, joint reaction forces are defined as the total force between
two adjacent segments (Kingma, Toussaint, De Looze, & Van Dieen, 1996).
In 1992, Hof et al. used a floor reaction vector to determine joint moments of each
joint with link-segment equations (Hof, 1992). This method is only accurate during the
stance phase when the foot is in contact with the ground. During swing phase, it has since
been found to be incorrect as this method cannot calculate the dynamic forces and moments
of all the joints (Winter & Robertson, 1978). The floor reaction force vector is only able to
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accurately measure the ankle joint moments and therefore is not reliable to calculate joint
moments (Winter, 1980). Using inverse dynamics requires accuracy and precision. In 1989,
Kadaba et al. looked at the repeatability of gait measures and found that that sagittal plane
kinematics and kinetics were very consistent for trials between days and within the same
day, but frontal and transverse were less repeatable between days (M. Kadaba et al., 1989).
In general, it was determined that overall gait variables are repeatable for normal subjects
walking at self-selected speeds(M. Kadaba et al., 1989).
The free body diagram is used as a standard approach to solving inverse dynamics
problems. A free body diagram is a picture that represents the system of and all the external
forces acting on it, drawn as vectors. Which includes a defined coordinate system, weight
of the segment, both the vertical and horizontal forces and moments acting on the segment
of interest and any other external forces acting on the segment (Vaughan, 1996).
Joint moments during gait cannot be calculated by simply multiplying the resultant
ground reaction force vector by the perpendicular distance to each of the joint centers. This
approach was used clinically but has been found to be inappropriate during gait (Vaughan,
1996). To calculate a joint moment, the forces must be broken down horizontally and
vertically. When calculating a joint moment, one should start at the terminal end of the
kinetic chain and sketch the segment of interest also known as a free bodied diagram. When
using a free body diagram in a two-dimensional analysis, there are three equations which
allow for all the unknown variables to be solved for (SIL = 54L, SIM = 54M, and

SJ = Ka). All joint reaction forces and net joint moments for adjacent segments are equal
and opposite across the joints.
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Although the technique of inverse dynamics is commonly used and widely accepted
in the biomechanical field, there are some disadvantages associated with these calculations.
Joint forces calculated using inverse dynamics do not reveal the magnitude of bony contact
forces in a joint (Oatis, 2009; Robertson et al., 2013; Winter, 2009). To estimate the true
shear forces at the joint, a more complex model would be needed. The resultant moments
and joint reaction forces are net values and the moment generated by a specific muscle
group cannot be calculated (Buchanan, Lloyd, Manal, & Besier, 2005). With cocontraction being very common, this can be difficult because if the hamstrings produce a
greater flexion moment than the quadriceps extension moment at the same time, then the
reported net moment will be the flexion moment. Therefore, this information could be
misleading if it is interpreted incorrectly. Another limitation of the inverse dynamics model
comes from the estimation of muscle force. Because many muscles cross each joint, it is
nearly impossible to determine the muscle forces from the joint moment (Buchanan et al.,
2005).
The calculations of joint moments using inverse dynamics are useful for studying
lower extremity gait. Joint moments are often used to describe pathological gait and
compare characteristics to normal gait (Moisio, Sumner, Shott, & Hurwitz, 2003). In order
to compare these characteristics between different subjects, the moments must be
normalized. There are two common techniques used for normalizing joint moments. The
first technique involves dividing the moment by the mass resulting in Nm/kg (Winter,
1984; Winter & Robertson, 1978). The second method divides the moment by
the (N%G2 O'*Pℎ) × ℎ'*Pℎ)) resulting in Nm/Kg*m (Hof, 1992). According to Moisio
et al, 2003, both normalization techniques successfully reduce the effects of height and
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weight on peak moments (Moisio et al., 2003). A third, less common method for
normalizing joint moments is to divide the moment by the body weight multiplied by the
RSRTUV

leg length ( WSXY ZT[\]V × ^T\ ^TU\V] ) (M. Kadaba et al., 1989). Normalizing joint moments
to N%G2 O'*Pℎ) × ℎ'*Pℎ) explained 13% of the variability in the frontal plane hip
moment (Moisio et al., 2003). Overall, it might be said that joint moments may be
meaningless alone, but when comparing moments during activities such as walking, they
develop a basis for the magnitude of each joint moment and thus allow comparisons
between subjects.

Data collection methods in Normal vs Obese
Motion capture has been used for many years and over a variety of biomechanical
analysis from research, to clinical, sport and other uses. Although there are other
technologies collecting biomechanical data, the use of a 3-D system with reflective markers
is the most common (Fern'ndez-Baena, Susín, & Lligadas, 2012). According to Wilson and
Davis (2008), three dimensional high speed motion analysis data collection is the most
commonly used method, to date, for quantifying lower extremity alignment during weight
bearing activities (Willson & Davis, 2008).

Marker based motion capture systems-

although are popular- also have several limitations. Usually a controlled environment is
required to acquire high-quality data, the time required for marker placement can be
excessive, and the skin movement artifact is an issue (Cappozzo et al., 1996; Fern'ndezBaena et al., 2012). Inaccurate marker placement and added soft tissue artifact from obesity
can lead to increased errors in biomechanical data (Lerner et al., 2014). Various methods
may be used to calculate and account for the excess soft tissue artifact in obese. Lateral
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relocation of a hip marker to better determine the hip center, dual-energy X-ray
absorptiometry derived anthropometric measures, and functional joint center location
methods. These are not consistently used therefore have been found to have limited
effectiveness across the board (Lerner et al., 2014).
During gait analysis, human body segments are modeled as rigid bodies and the
relative rotation is assumed to take place about a fixed point in the proximal segment, which
is considered to be the center of the joint (M. P. Kadaba, Ramakrishnan, & Wootten, 1990;
Kingma et al., 1996).The branch of anthropology that deals with human body measurement
and dimensions is referred to as Anthropometry (Winter & Robertson, 1978). The focus in
biomechanics is on segments of the body using multiple links connected by ball and socket
joints (Winter & Robertson, 1978). Segment dimensions including length, density, mass,
and center of mass are needed to determine the moment of inertia and the radius of gyration.
The validity of any biomechanical assessment is only as good as the model itself (Winter,
2009). The equations to calculate segment masses and moments of inertia are based on
Dempter’s cadaver model from 1955 (Dempster, 1955). To use this model, it is assumed
that the moments of inertia around the transverse and anterior posterior axes are set equal
(Rao, Amarantini, Berton, & Favier, 2006). It has been found that body segment parameters
are very sensitive and the smallest change can have effect on joint moments (Rao et al.,
2006).
In 1990, Kadaba et al., (1991) looked at joint center estimations based on variations
in the marker placement (M. P. Kadaba et al., 1990). The peak moments were studied as a
measure of change and they found that moments vary in magnitude and in timing. Further
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analysis was conducted and they determined that the helical axis approach to joint kinetics
was more sensitive than the Euler angle approach.
Accurately determining joint centers is a critical component in analyses but can be
difficult, particularly at the hip (Sharkey et al., 2001). In certain populations, such as obese
individuals, the palpable bony landmarks are further from the joint center which adds more
error into the system. When determining the hip joint center two main methods are used
the “functional” approach (Cappozzo et al., 2005; Leardini et al., 1999) or the “prediction”
approach (Bell et al., 1990; Seidel et al., 1995). In 1999, Leardini et al. (1999) validated
the functional method for estimation of the hip joint center (Leardini et al., 1999). This
method calculated the hip joint center based on the center of rotation between the pelvis
and the femur by fitting a sphere to the paths followed by a femur-fixed point as motion
occurred about the hip in each plane (Leardini et al., 1999). Bell et al. (1990) used the
distance between the right and left anterior superior iliac spine (ASIS) with the prediction
approach and a regression equation to determine the hip joint center based on the findings
of Cappozzo et al. (1986) (Bell et al., 1990; Cappozzo et al., 2005).

Mechanism of injury in Obese
Walking patterns of healthy individuals seem consistent, although there are many
conditions such as obesity in which bring about modifications in human gait. For example,
natural aging causes a distal to proximal shift in joint torques (DeVita & Hortobagyi, 2000;
Winter, Patla, Frank, & Walt, 1990). Knee osteoarthritis related pain in the tendons to
unload the limb during stance (Hortobágyi et al., 2005; Kaufman, Hughes, Morrey,
Morrey, & An, 2001; Sturmer et al., 2000). It is therefore reasonable to expect that those
104

who are obese will display adaptations in gait. There is a significant positive association
between musculoskeletal disorders and level of obesity. The Center for Disease Control
has reported that in the United States, more than 31% of obese adults reported a doctor
diagnosis of arthritis, versus only16% of non-obese adults (CDC). Osteoarthritis is a
common joint disorder typically seen in elderly, but is also a result of obesity (Sturmer et
al., 2000).
The differences in knee adduction angles between lean and obese are not well
established. There is only one study published that has analyzed the difference between
obese and normal knee adduction angles. Typically, studies measure joint kinematics in
the sagittal plane. Lai et al. reported that compared to the normal group, obese individuals
walked with increased knee adduction angles(Lai et al., 2008). Greater knee adduction
angles have been associated with greater medial compartment loading of the knee. This
explains why the study done by Lai and colleagues found that the obese subjects would
adopt a gait pattern which would increase their risk of developing musculoskeletal injures
and pathologies (Lai et al., 2008).
Obese individuals with knee osteoarthritis have more joint space narrowing in the
medial

and

lateral

tibio-femoral

compartments

compared

to

non-obese

(Anandacoomarasamy, Caterson, Sambrook, Fransen, & March, 2008). Moyer et al., 2010,
found that subjects with a higher mass had higher medial compartment load during
walking. Their results also found that for every 3.2 Nm increase in knee adduction moment
there was a 1º increase in varus alignment (Moyer, Birmingham, Chesworth, Kean, &
Giffin, 2010). In their study, mass explained less variance than alignment but was still
found to be of importance and was compared to Messier et al. who found a .5 Nm reduction
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in knee adduction moments by 0.5 Nm for each kg of mass that was decreased (Moyer et
al., 2010).

Descending stairs obese vs normal
Walking down the stairs can be a very different task for a normal person compared
to an obese person. The literature on stair descent varies greatly on the number of
instrumented stairs, the steps of interest, the variables reported, and the technique used to
descend the stairs. One of the first studies to research stair decent in 1980, by Andriacchi
using a three-step stair case with the floor being used as a flat plate to get joint moments
(T. Andriacchi, Andersson, Fermier, Stern, & Galante, 1980b). The results for this study
indicated that when normal weight individuals descend the stairs the hip and knee are
flexed the ankle is dorsiflexed starting off then during the swing phase, the hip and knee
begin to extend and the ankle moves into plantar flexion (T. Andriacchi et al., 1980b). At
heel strike the hip is only slightly flexed, the knee is almost completely extended and the
ankle is plantar flexed (T. Andriacchi et al., 1980b). Finally in the cycle it was found that
as the weight shifts through towards midstance to push off the moments also shift (T.
Andriacchi et al., 1980b). While walking, the forces between the patella and the rest of the
knee can be up to three times a normal weight person’s body weight (Kyle & Caiozzo,
1985). With running and climbing stairs the forces can reach up to ten times the individual’s
body weight (Kyle & Caiozzo, 1985). For example, on a 200 pound person the weight on
the knees while walking is 600 pounds (Kyle & Caiozzo, 1985). If this person tries to run
or go up the stairs the forces on the knees can reach up to 1200-2000 pounds (Kyle &
Caiozzo, 1985). Such high forces in combination with excessive obesity can cause the knee
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joints and the other joints in the lower extremity to deteriorate. If this is proportional to the
external knee joint moments then the magnitude of the knee joint contact force generated
during stair descent could be more than six time the body weight (T. Andriacchi et al.,
1980b).
Stair descent of normal individuals has been researched for many of years but it
seems that due to the complexity of the set up and the instrumentation there is no
standardization amongst. In 1988, McFadyen and Winter did a study on stair ascent and
descent. Due to the complexity of the design, they only used 3 subjects and had 5 stairs,
however they found significant phasic results indicating that the hip is the most variable
joint in a normal population (McFadyen & Winter, 1988). Later research does not do the
set-up, collection, and techniques justice. There is still variability in research in the normal
weight population in stair descent.
The way you ambulate the stairs also is variable in the literature. Normal weight
healthy individuals generally use a step over step (SOS) technique to descend stairs. Obese
individuals typically adopt alternative gait patterns such as the step-by-step (SBS) method,
walking sideways, or relying on the handrails for stability during descent (Reid et al.,
2007). This alternative pattern aims to increase the time spent in double support and
increases stability. Although obese try to use an alternative pattern to descend the stairs,
stair walking still requires a significant amount of balance to stabilize (Reid et al., 2007).
The body undergoes a forward and vertical movement whiles eccentrically contracting the
muscles of the lower extremity to descend efficiently and effectively (Reid et al., 2007).
Similar to level gait descending stair walking can be characterized by two phases stance
and swing where stance is slightly longer at 64 % the cycle compared to swing 36% of the
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gait cycle (McFadyen & Winter, 1988). Thus during descending stair walking the lower
extremity is characterized by muscles as eccentric muscular therefore considered as a
power absorber during descending stair walking than level walking, stair ambulation is
performed with ease by healthy individuals; however, it is more difficult to perform for
those with decrements in motor function, balance problems, or reduced lower-limb
function (McFadyen & Winter, 1988).
During stair descent most of the energy comes primarily from the knee and ankle
in the sagittal plane while the hip is stabilizing. Descent is characterized by eccentric
muscular work by the lower limb muscles, indicated by power absorption to control the
body’s center of mass during lowering as the limb swings to the next step (LIN et al., 2004;
Riener et al., 2002). Flexion at the knee occurs during descent in order to control the forces.
Compared to normal weight individuals obese descend the stairs differently. In
2011, Strutzenberger et al., found that in obese children compared to normal weight
children descending the stairs differently (Strutzenberger et al., 2011). The obese group
had 47% smaller hip extension moments by, 12% greater hip flexion moments, and 13%
greater knee extension moments compared to the normal weight group. The landing phase
of stair descent is rarely studied but proves to be important. This is demonstrated by
Strutzenberger et al. 2011 the hip of the obese group seems to be flexing slightly more than
the normal weight group to overcome the extra for impact of landing (Strutzenberger et al.,
2011). During the landing phase of stair descent, the ankle joint moment is first to peak,
followed shortly after by a smaller knee joint moment peak.
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AlterG
The AlterG is an anti-gravity treadmill that provides an uplifting force allowing
people to run or walk at a fraction of their body weight while maintaining proper gait
mechanics (Grabowski, 2010; Grabowski & Kram, 2008; Hunter et al., 2014). Thus, the
AlterG provides a system to study the independent effect of body weight on gait mechanics
and muscle activity without confounding variables such as the changes in body segmental
volume that often accompany weight loss interventions. This treadmill is designed to
support the hip girdle region by having the user wear a custom pair of kayak shorts that
attach to a canvas that covers the treadmill. This covered area creates a difference in air
pressure known as lower-body positive pressure which is used to reduce body weight
(Mercer et al., 2013). This treadmill has many different uses: rehabilitation for recovering
from lower-extremity injury, endurance training to reduce stress injuries in runners, and
for special populations such as obese or elderly. As more body weight is supported, ground
reaction forces are reduced (Grabowski & Kram, 2008). Therefore, using the AlterG may
be an extremely beneficial tool for an obese population as it allows them to exercise while
reducing the impact with the ground. While the ground reaction forces are decreased as
more body weight is supported in the AlterG, it is less clear how the muscle activation
amplitudes respond during gait.
LeVeau and Bernhardt (1984) reported that during normal walking the major joints
of the lower extremity are exposed to considerable loads with increased joint reaction
forces (LeVeau & Bernhardt, 1984). The AlterG is an anti-gravity treadmill that provides
an uplifting force, allowing people to run or walk at a fraction of their body weight (Hunter
et al., 2014). The original AlterG was developed with the intention to unweight through
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differential air pressure developed by NASA. The AlterG has many different uses:
rehabilitation for recovering from lower-extremity injury, endurance training to help
prevent stress injuries, and for special populations such as obese or elderly. The AlterG has
gained popularity due to its ability to decrease the impact during gait via reduced ground
reaction forces while maintaining proper gait mechanics. Using the AlterG may be an
extremely beneficial tool for injury rehabilitation or decreasing the forces seen with
obesity.
Previous research has associated increased hip muscle EMG activity with an
increased risk of injury during normal gait (Souza & Powers, 2009). However, very few
studies have analyzed EMG activity during gait in a reduced gravity setting. Hunter et al.
(2014), found that while running at 4.47 m/s, most lower extremity muscles demonstrated
lower EMG amplitudes as more body weight was supported with the AlterG (Hunter et al.,
2014). The quadriceps muscles also had large decreases in muscle activation as more body
weight was supported. At 40% bodyweight support, the average muscle activation of the
quadriceps muscles was about 50% of the full bodyweight support condition (Hunter et al.,
2014). It was also found that there was no change in the hip adductors and hamstrings EMG
amplitudes as more body weight was supported by the AlterG at this speed (Hunter et al.,
2014). These results suggest the AlterG may be an effective rehabilitation tool for many
lower extremity muscle injuries due to the decreased ground reaction forces and decreased
muscle activity during running.
While the reduction of impact forces during gait in the AlterG have been studied
(Grabowski, 2010), the relationship between reduced gravity, muscle activation and
kinematics still remains unclear. Previous research has associated increased EMG activity
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with an increased risk of injury during gait (Souza & Powers, 2009). Yet, very few studies
have analyzed EMG activity during gait in a reduced gravity setting (Hunter et al., 2014;
Liebenberg et al., 2011; Mercer et al., 2013). Hunter et al., 2014 found that when running
at 4.47 m/s, the quadriceps, soleus, tibialis anterior and peroneus longus demonstrated
lower EMG amplitudes as more body weight was supported by the AlterG (Hunter et al.,
2014). However, the hip adductors and hamstrings did not decrease amplitude as
bodyweight was supported by the AlterG. One explanation for this could be that during
stance, the hamstrings are not activated.

Inertial Measurement Units (IMUs)
A fairly new way to collect kinematic data comes from using inertial measurement
units (IMUs). Most IMUs are a combination of an accelerometer and gyroscope as a
wearable sensor with between 3-6 degrees of freedom in an attempt to prevent drift.
Accelerometers use the acceleration due to gravity by sensing the vertical and local
directions. Magnetic Sensors provide stability in the horizontal plane by sensing the
direction of the magnetic field of the earth (Roetenberg et al., 2009). Inertial sensors refer
to a family of sensors represented by linear acceleration sensors (accelerometers) and
angular rate sensors (gyroscopes) (Picerno et al., 2008). According to Picerno et al, recent
technological advances have made these structures much more user friendly by allowing
them to be assembled and contained in small cases (Picerno et al., 2008). These
accelerometers and gyroscopes measure linear acceleration and angular velocity along and
about an axis creating a fairly new way to collect kinematic data using inertial measurement
units (IMUs). IMUs are becoming popular among the clinical population because they
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allow for patients to perform tasks more naturally (Picerno et al., 2008).
The sensitive axis of the sensor is generally aligned with one of the geometrical
axes of the case so that the linear acceleration and the angular velocity can then be referred
to the sensor’s housing. Three single-axis inertial sensors can be assembled mutually
orthogonal to each other so that the linear acceleration and the angular velocities can be
measured, respectively, along and about a 3D sensor-embedded frame. Such an assembly
is generally referred to as an Inertial Measurement Unit (IMU).
Accelerometers use the acceleration due to gravity by sensing the vertical and local
directions. Magnetic Sensors provide stability in the horizontal plane by sensing the
direction of the magnetic field of the earth (Roetenberg et al., 2009). IMUs are becoming
popular among the clinical population because they allow for patients to perform tasks
more naturally (Picerno et al., 2008). Inertial sensors are used by researchers in a wide
range of applications as an alternative to conventional movement analysis systems.
Since then, a variety of methods have been presented throughout 25 years for the
estimate of 2D and 3D joint kinematics by using wearable inertial sensors. To the best of
author's knowledge, papers reviewing inertial sensors that are based on applications for the
estimate of lower limb joint kinematics have been focused on an overall description of
applications for gait analysis.

Conclusion
It is clear that biomechanical adaptations exist with excess body mass as seen in
obesity. Additionally, obesity puts the body at a much higher risk for injury during
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activities of daily living. As with any measurement system, the accuracy of testing
equipment, repeatability of calculations, and variability between subjects remain a concern.
This review discussed the basic overview of the obesity epidemic, gait patterns and changes
in normal and obese gait, as well as data collection methods in obese vs normal and the
mechanism of injury in obesity specifically related to osteoarthritis. This review also
explored the use of AlterG and IMUs in understanding the benefits of lower positive
pressure treadmill walking for the potential rehabilitative use in an obese population.
Overall, it can be said that more research is needed on obesity in biomechanics.
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Appendix C: Sample Subject Consent
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